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Kosmos 60 is today the most talked 
about furnace black for reinforcing nat- 
ural and synthetic rubber. It originates 
from oil and is perfected by United's 
exclusive process. Its superb processing 
and balance of strength make for the best 
in rubber products. a 


UNITED CARBON COMPANY, INC. 
| CHARLESTON 27, W.VA 


NEW YORK © AKRON «+ CHICAGO + BOSTON 


oon. | 


Make tougher treads this low cost way 


Team Philblack’ O with Philblack’A! 
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e Champion performance! For 
original treads, camelback, con- 
veyor belt covers. ..in fact wher- 
ever you need a really tough, 
low-cost rubber compound, you 
can’t beat mixtures of Philblack 
O and Philblack A, especially 
in a ratio of approximately two 


ne. a . : 
to one are superior in flex life, abrasion 


Such blends closely approach __ resistance, heat buildup, com- 
straight channel black com- pression set and resilience. Ex- 
pounds in tensile strength and cellent with cold rubber! 


PHILLIPS CHEMICAL COMPANY 


PHILBLACK SALES DIVISION 


EVANS BUILDING - AKRON 8, OHIO 
PHILBLACK EXPORT SALES DIVISION 
80 BROADWAY, NEW YORK 5, NW. Y. 


Phillips Philblack A and Philblack O are manufactured at Borger, Texas. 
Warehouses in Akron, Boston, Chicago and Trenton. 
West Coast agent: Harwick Standard Chemical Company, Los Angeles 


Canadian agent: H. L. Blachford, Ltd., Montreal and Toronto. 
*A Trademark 





Entered as second-class matter March 19, 1943, at the Post Office at Lancaster, Pa., under the Act of 
August 24, 1912. Acceptance for mailing. at special rate of panemp provided for in paragraph (d-2), 
Section 34.40, P. L. and R. of 1948, authorized September 25, 1940. 








WITCO CHEMICAL COMPANY - 295 MADISON AVENUE, NEW YORK 17, N. Y. 


Seles Offices : 

Akron * Amarillo + Boston + Chicago * Clevelond 
Houston + Los Angeles + Son Froncisco 
London ond Manchester, England 


from 
Witco’s 
eight plants, 
season’s 
greetings 
and 

best wishes 
for the 

new year 





ACCELERATORS 
Sharples Accelerators Chemical Name 


a eer eee 
52 TETRAMETHYLTHIURAM DISULFIDE 
62 TETRAETHYLTHIURAM DISULFIDE 
57 ZINC DIMETHYLDITHIOCARBAMATE 
67 ZINC DIETHYLDITHIOCARBAMATE 
77 ZINC DIBUTYLDITHIOCARBAMATE 
66 SELENIUM DIETHYLDITHIOCARBAMATE 
ETHYLAC 
MERAC 


VULCANIZING AGENTS 


Vultacs (Alkylphenol Sulfides) 


WAX 


Sharples Wax (anti-sunchecking wax) 


POLYMERIZATION CONTROLLER 


3B MERCAPT AN (tert-Dodecylmercaptan) 


INTERMEDIATES FOR RUBBER CHEMICALS 


Ethylamines Butylamines Isopropylamines 
Alkylphenols Alkylnaphthalene 





SHARPLES CHEMICALS Inc. 


PHILADELPHIA - NEW YORK- CHICAGO - AKRON 





Thiokol 
SYNTHETIC RUBBERS and 
RUBBER CHEMICALS 





CRUDES: 


TYPE A—for stocks requiring 
unsurpassed solvent resistance. 


TYPE FA —for extruded goods 
that must withstand aromatic 
blended fuels and permanent oil 
and weather-resistant putties. 


TYPE PR-1—for molded goods 
that must withstand aromatic 
blended fuels. 


TYPE ST — for molded and ex- 
truded goods that must with- 
stand aromatic blended fuels and 
low temperatures. 


WATER DISPERSIONS: 


MX & WD-6 —for liquid com- 
pounds to give films of high sol- 
vent and moisture resistance. 


MF —for liquid compounds to 
give films of good solvent and 
low temperature resistance. 


WD-2— For liquid compounds 
to give films which must be free 
from odor. Films also have ex- 
cellent low temperature resis- 
tance. 








PLASTICIZERS: 


TP-90B—for plasticizing natural 
rubber, GR-S, Buna N and 
GR-M for extreme low tempera- 
ture resistance. 


TP-95 — for plasticizing Buna N 
rubbers, GR-M and vinyl resins 
for excellent low temperature re- 
sistance and good heat resistance. 


LIQUID POLYMERS: 


LP-2—A liquid polymer of 
100% solids which vulcanizes to 
a tough resilient solid without 
shrinkage when mixed with cur- 
ing agents. 

LP-3—same as LP-2 but of a 
lower viscosity. 





TACKIFIERS: 


GALEX W-100 & W-100D—A 
non-oxidizing rosin for imparting 
tack to the Buna rubbers. Also 
valuable in GR-M compounds. 











TECHNICAL INFORMATION id *THIOKOL, REG. U.S. PAT. OFF. 
AND SAMPLES ON REQUEST 


CORPORATION 





Your GR-S 26 
is protected with 


Wing- tay 5 


Goodyear’s Top Quality, 
Nonstaining Antioxidant 


k= pound of GR-S 26 on 

the market today is pro- 
tected against oxidation with 
Wine-Stay S — incorporated 
during manufacture. That’s 
why so many compounders 
consider GR-S 26 the best 
nonstaining, non-discoloring 
rubber available today. 


You can get equally effective 
protection in solid or foamed 
natural rubber with 
Wine-Stay S—Goodyear’s 
use-proved antioxidant 
that is in wide use in 
white and light-colored 
compounds in a range of 
products. 


Although Winc-Stay S is ro Products 

presently in short supply, 

you should investigate its potenti- _ your laboratory use and evaluation 
alities now—and be ready to use it _— by writing: 

when normal supply returns. You Goodyear, Chemical Division 
can get full details and sample for Akron 16, Ohio 


GOODFYEAR 


Wing-Stay—T.M. The Goodyear Tire & Rubber Company, Akron, Ohiv 
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It’s a fact. Purecal* T imparts tack to 
GR-S — sufficient tack to hold plies to- 
gether during building operations. In most 
cases, cementing operations can be elim- 
You ean inated and much of the automatic build- 
ing equipment used with natural rubber 

can be used with GR-S. 
get tack Purecal T is easier to process in GR-S 
than in natural rubber. It mixes easier 
° and faster. Because of its ultra-fine qual- 
with Purecal ities, it produces tack and promotes high 
quality in non-black stocks. Using Pure- 
° GR S cal T, you can get excellent results at 
in us low cost in passenger tire carcasses, hose 
and belting products, footwear and gum 

stripping. 





We know this—not just from laboratory 
tests — but mainly from work in plants. 
We've recorded the findings in a new 
booklet: “Purecal in GR-S.” It contains 
practical information on the compound- 
ing and processing of Purecals in GR-S 
and cold rubber. We think you'll find it 
useful—we’ll be glad to send it to you. 

* Trademark 


Soda Ash * Caustic Soda ¢* Bicarbonate of 


Soda * Calcium Carbonate * Calcium Chloride IL 
Chlorine * Hydrogen * Dryice © Synthetic yando (A 
Detergents * Glycols * Carbose (Sodium CMC) REG. U. S. PAT. OFF. 


Ethylene Dichloride * Propylene Dichloride Cc H E M 1! Cc A L S 


Aromatic Sulfonic Acid Derivatives ¢ Other 
Organic and Inorganic Chemicals Wyandotte, Michigan + Offices in Principal Cities 
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vo» UNENPECTED EMELGENCY 


Good riders rarely have unexpected falls, since they can 
fully depend upon their well-trained horses. 


You as a user of carbon black can also fully depend on a 
continuing supply of economical-to-use TEXAS CHAN- 
NEL BLACKS from the Sid Richardson Carbon Co. 


With the world’s largest channel black plant and our own 
available nearby resources, we assure your present and 
future requirements. Let us serve you. 





Sid Richardson _ 


Cc AR BON 


FORT WORTH, TEXAS 





GEWERAL SALES OFFICES 
EVANS vey y — BUILDING 

















AVAILABLE to retard oxidation 
and flex cracking 


Monsanto has available for immediate delivery three products 
with proved-in-service efficiency for retarding oxidation and 
flex cracking in such products as shoe soles and heels, tires, 
cable jackets and mechanicals. All of these antioxidants are 
effective in synthetic rubber, in natural rubber, in reclaimed 
rubber. 


SANTOFLEX B 1.0 to 2.0% of Santofiex B gives excellent 
results in retarding flex cracking and oxidation; 3.0 to 4.0% 
gives high resistance to weathering and flexing. 


SANTOFLEX BX — A preferred antioxidant for retarding oxi- 
dation and flex cracking. It mildly activates accelerators of 
the thiazole type. Use not over 2.0% to avoid blooming. 


SANTOFLEX 35 -— The choice of many manufacturers for 
retarding oxidation and fiex cracking. It mildly activates 
thiazole-type accelerators. Blooming can be avoided by 
using not over 1% 

For technical information on these and other Monsanto 
Chemicals for the Rubber Industry, contact MONSANTO 
CHEMICAL COMPANY, Rubber Service Department, 920 
Brown Street, Akron 11, Ohio. 








MONSANTO CHEMICALS 
FOR THE RUBBER INDUSTRY 


ANTIOXIDANTS 


ALDEHYDE AMINE 
ACCELERATORS 

A-32 

A-77* 

A-100 

MERCAPTO ACCELERATORS 
Santocure* 


Base 
Mertax (Purified Thiotax) 
Thiotax (2- Mercapto benzothiazole) 
Thiofide* (2,2' dithio-bis 
_ benzothiazole) 


GUANIDINE ACCELERATORS 
— Guanidine (D.P.G.) 
Guantal* 


ULTRA ACCELERATORS 

FOR LATEX, ETC. 

R-2 Crystals 
p-Pip ; 

Thiurad* (Tetra methyl thiuram 
disulfide) 

Ethy! Thiurad (Tetra ethy! thiuram 
disulfide) 

Mono Thiurad (Tetra methy! 
thiuram mono sulfide) 

pyr evel a salt of dimethyl 
dithiocarbamic acid) 

Ethasan* (Zinc ote of diethyl 
dithiocarbamic acid) 


Butasan* (Zinc salt of dibutyl 
dithiocarbamic acid) 


WETTING AGENTS 
AND DETERGENTS 


Areskap* 50 
Aresklene* 375 
Santomerse* S 
Santomerse D 


SPECIAL MATERIALS 


Thiocarbanilide (“A-1") 
Santovar*-A 
Santovar-0 

Insoluble Sulfur “60” 
Retarder ASA 


COLORS 


REODORANTS 
*Reg. U. S. Pat. Off. 


MONSANTO 


PLASTICS 


(HEM ALS 





for the best... 


CARBON \ 
BLACKS 


GODFREY L. CABOT, INC 





A LOW COST 
BUNA N 
PLASTICIZER 


PANAFLEX 
BN-] 


PANAFLEX BN-1 is an economical, 
light-colored plasticizer for synthetic 
rubber — especially butadiene-acryloni- 
trile type. 


This hydrocarbon plasticizer completely 
replaces dibutyl phthalate in nitrile rub- 





bers—produces soft vulcanizates having 
high tensile, excellent elongation, and 
very low modulus. PANAFLEX BN-1 
plasticized stocks possess good ageing 
properties, superior electrical character- 
istics, and show good gasoline and 
oil resistance. 


PAN AMERI *embeals 
PAN AME RICA N Rincane a 


122 EAST 42nd STREET Plant NEW YORK 17, N.Y. 
Texas City, Texes 





chemicals for 
the rubber industry 





ACCELERATORS 

Thiazoles 
MBT (Mercaptobenzothiazole) 
MBTS (Benzothiazyldisulfide) 

Guanidine 
DPG (Diphenylguanidine) 
DOTG (Diorthotolylguanidine) 
Accelerator 49 


ANTIOXIDANT 


Antioxidant 2246 * 
(Non-staining, non-discoloring type) 


PEPTIZER 
Pepton® 22 


RETARDER 
Calco Retarder P.D. 


STIFFENING AGENT 
Calco S.A. 


SULFUR 
Rubber Maker’s Grade *Trade-mark 


alec 
AMERICAN Ganamid company 


CALCO CHEMICAL DIVISION 
INTERMEDIATE & RUBBER CHEMICALS DEPARTMENT 
BOUND BROOK, NEW JERSEY, U.S.A. 











Now serving your needs as 


COLUMBIA-SOUTHERN 


CHEMICAL CORPORATION 





You've known these 
familiar trademarks .. . 


ditt 


NOW LOOK FOR THIS TRADEMARK 


to assure the same 
high quality in alkalies 
and related chemicals... 





UMBIA-SOUT 


You can rely on the same 


experienced organization 


Those of you who have purchased Columbia chemicals and rubber 
pigments from Columbia Chemical Division of Pittsburgh Plate 
Glass will continue to find the same competent personnel—in every 
department—welcoming the opportunity to serve you as Columbia- 
Southern . . . through strategically located plants and offices. 
Production at all plants is being maintained at the highest pos- 
sible levels in order to help meet the current requirements of industry. 
And the same district offices will continue to provide facilities that 
assure the most careful attention to the needs of your business. 


COLUMBIA-SOUTHERN 
CHEMICAL CORPORATION 


SUBSIDIARY OF PITTSBURGH PLATE GLASS COMPANY 
EXECUTIVE OFFICES: Fifth Avenve at Bollefield, Pittsburgh 13, Pa. 


PLANTS: Barberton, Ohio ¢ Bartlett, California « Corpus Christi, Texas ¢ Lake Charles, Lovisiona « 
Natrium, West Virginia « DISTRICT OFFICES: Boston ¢ Charlotte « Chicago ¢ Cincinnati ¢ Cleveland « 
Dallas * Houston * Minneapolis ¢ New Orleans « New York « Philadelphia ¢ Pittsburgh ¢ St. Louis 
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YOU CAN CUT THE COST 
OF A PASSENGER-CAR TIRE 


+ 

- 

° % 
. 


WITH DU PONT 


THIONEX-MBTS 


ACCELERATION 


OUR PRESENT ACCELERATOR COSTS are over 35¢ per 100 pounds of 
GR-S, it will pay you to investigate Thionex-MBTS. Depending on 
the accelerator it is compared with, savings up to one-half are possible. 


What’s more, there is no sacrifice in processing safety or tire quality. 
Factory experience has proved this combination to be safe processing. 
Road tests show Thionex-MBTS accelerated treads deliver long mileage. 


Consult Report BL-235 for complete information. Extra copies are 
available. Ask your district office or write, E. I. du Pont de Nemours 
& Co. (Inc.), Rubber Chemicals Div., Wilmington 98, Delaware. 


Yv 








UBBER CHEM Akron, Chie 40 E. Bochtol Ave, lenleck 3061 
DU PONT R v8 Co. inc), Wilmington 98 Del Boston, Mass. 140 Federal St.  MAncock 61711 
E. |. du Pont de Chicoge, lil. —_*7.S. Dearborn St. ANidover 3-7000 
l os Les Angeles, Col, 845 E. 60th St, ADoms 3.5706 
rer THINGS FOR perten LIVING... THROUGH cHneMIs Mew York, H.¥. 40 Werth St. COrtland 7.9966 
set 








A TOY COMPANY saves $18,000 a year 
by using a Sun Rubber-Process Aid. Rejects 
due to blooming have been eliminated. 
Plasticization has improved so much that 
toys can now be molded in more intricate 
designs and with more eye-appeal. 


AN INDUSTRIAL BELT MAKER 
improved the quality of his products and cut 
his inventory costs $6,000 a year by re- 

lacing five competitive aids with two Sun 
Ridder deccnes Aids. Now able to buy tank- 


car lots, he saves still more. 


A PRODUCER OCF MECHANICAL 
RUBBER GOODS eliminated costly 
rejects due to scorching, by switching to a 
Sun Rubber-Process Aid. By properly con- 
ditioning his stock—making it easier to 
work—the Sun aid speeded up extruding. 


A RUBBER SPONGE MAKER changed 
from ordinary processing oils to a Sun Rub- 
ber-Process Aid because it did not migrate, 
bloom, or affect his reclaim resin-type ad- 
hesives. This extra margin of safety has 
greatly accelerated production. 


HOW 4 MANUFACTURERS HAVE BENEFITED 
FROM SUN’S RUBBER-PROCESS AIDS 


By switching to Sun Rubber-Process Aids, 
each of these four manufacturers increased 
the efficiency of his plant, improved the 
quality of his products, and effected sub- 
stantial savings. The results, condensed 


SUN INDUSTRIAL PRODUCTS 


SUN OIL COMPANY, PHILADELPHIA 3, PA. ¢ SUN OIL COMPANY, LTD., TORONTO AND MONTREAL 
14 


into a few words here, are typical, not 
unusual. For full information or the serv- 
ices of a Sun technical representative, 
call the nearest Sun Office or write to 


Department RC-10. 
si 
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RUBBER CHEMISTRY AND TECHNOLOGY 


RvuBBER CHEMISTRY AND TECHNOLOGY is published quarterly under the super- 
vision of the Editor representing the Division of Rubber Chemistry of the 
American Chemical Society. The object of the publication is to render avail- 


able in convenient form under one cover all important and permanently valu- 
able papers on fundamental research, technical developments, and chemical 
engineering problems relating to rubber or its allied substances. 


RUBBER CHEMISTRY AND TECHNOLOGY may be obtained in one of three ways: 


(1) Any member of the American Chemical Society may become a member 
of the Division of Rubber Chemistry by payment of the dues ($2.50 per year) 
to the Division and thus receive RUBBER CHEMISTRY AND TECHNOLOGY. 


(2) Anyone who is not a member of the American Chemical Society may 
become an Associate of the Division of Rubber Chemistry upon payment of 
$5.00 per year to the Treasurer of the Division of Rubber Chemistry, and thus 
receive RUBBER CHEMISTRY AND TECHNOLOGY. 


(3) Companies and libraries may subscribe to RuspBéR CHEMISTRY AND 
TecHNOLOGyY at the subscription price of $5.00 per year. 

To these charges of $2.50 and $5.00, respectively, per year, postage of $.20 
per year must be added for subscribers in Canada, and $.50 per year for those 
in all other countries not United States possessions. 

All applications for regular or for associate membership in the Division of 
Rubber Chemistry with the privilege of receiving this publication, all corre- 
spondence about subscriptions, back numbers, changes of address, missing 
numbers, and all other information or questions should be directed to the 
Treasurer of the Division of Rubber Chemistry, A. W. Oakleaf, Phillips Chem- 
ical Co., 605 Evans Building, Akron 8, Ohio. 


Articles, including translations and their illustrations, may be reprinted if 
due credit is given RuspBER CHEMISTRY AND TECHNOLOGY. 
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NORTHERN CALIFORNIA 


Chairman. ...J. B. Watson (Goodyear Rubber Co., San Francisco). Vice- 
Chairman....Nett McIntyre (Oliver Tire and Rubber Co., Oakland). Secre- 
tary....GroverR Ramsey (Grove Regulator Co., Oakland). Treasurer.... 
James SANForD (American Rubber Co., Oakland). (Terms expire December 
31, 1951.) 


PHILADELPHIA 


Chairman. ...H. J. Rem (Gilmer Division, U.S. Rubber Co., Philadelphia). 
Vice-Chairman....T. W. Extxin (Armstrong Cork Co., Lancaster, Pa.). 
Secretary-Treasurer....GzoRGE WyrovucH (R. E. Carroll Co., Trenton). 
(Terms expire at meeting in January 1952.) 


RHopE ISLAND 


Chairman....F. V. Newman (Respro, Inc., Cranston, R.I.). Vice-Chair- 
man,...C. L. Kinesrorp (Davol Rubber Co., Providence). Secretary-Treas- 
urer....R. G. Votxman (U.S. Rubber Co., Providence). (Terms expire at 
Fall meeting of 1951.) 





SouTHERN OHIO 


Chairman....L. J. Keyes (Dayton Rubber Co., Dayton). Vice-Chairman 
....J3. E. FetpmMan (Inland Manufacturing Division, General Motors Corp., 
Dayton). Secretary....R. J. Hoskin (Inland Manufacturing Div., General 
Motors Corp., Dayton). (Terms expire December 31, 1951.) 


WasHINGTON, D. C. 


Chairman....T. R. ScaNnuan (Gates Rubber Co., Washington). Vice- 
Chairman. ... NORMAN BEKKEDAHL (National Bureau of Standards, Washing- 
ton). Secretary....G. P. Rernsmitx (Office of the Chief of Army Ordnance, 
Washington). Treasurer....PH1L1p Mirron (Army Engineers’ Research and 
Development Laboratories, Washington). Recording Secretary....ETHEL 
Levine (Navy Bureau of Ships, Washington). (Terms expire October 1952). 


FALL MEETING OF THE DIVISION OF RUBBER CHEMISTRY 
NEW YORK, N. Y., SEPTEMBER 5-7, 1951 


The 59th Meeting of the Division of Rubber Chemistry was held, in con- 
junction with the 75th Anniversary Meeting of the American Chemical Society 
in New York City, September 5-7, 1951, with headquarters at the Hotel 
Commodore. 

The total registration of the ,Division of Rubber Chemistry could not be 
determined because of the system of joint registration of different divisions. 
However, the banquet, in the Ball Room of the Hotel Commodore, was at- 
tended by approximately 700 members and guests. 

The Charles Goodyear award to William C. Geer was acknowledged by a 
lecture on the subject of “Strategy in Rubber Compounding.” At the banquet, 
Dr. Geer was presented with the Charles Goodyear medal, certificate of honor, 
and honorarium. Harland Trumbull spoke of the attainments of the medallist. 

The banquet was preceded by a most enjoyable cocktail party, provided by 
the Suppliers’ Committee, headed by E. B. Curtis. 

Another enjoyable feature of the meeting was the luncheon of the 25-Year 
Club, under the chairmanship of A. A. Somerville. This organization is grow- 
ing steadily, and 175 members were present at the luncheon. 

At the business meeting the Division noted with deep regret the passing of 
four of its members: R. M. Warner of the B. F. Goodrich Co., Akron, L. G. 
Whittemore of L. G. Whittemore, Inc., Boston, David G. Scott, Sr., of Scott 
Testers, Inc., Providence, and J. P. Maider of the Goodyear Tire & Rubber 
Co., Akron. 

Chairman Fielding announced that the meetings in 1952 are to be in 
Cincinnati on April 30 and May 1-2, and in Buffalo on October 29-31. In 
1953 the Division will meet with the ACS at Los Angeles in the spring and also 
will hold an independent meeting in Boston; in the fall of 1953 the Division 
will meet with the ACS in Chicago, September 9-11. 

Chairman J. F. Kerscher of the Membership Committee reported more than 
300 new members, making a total membership (regular and associate) of 2329. 
With subscribers to RuspeR Cuemistry & TecHNo.ocy added, the total is 
2816. 

J. W. Snyder of the Tellers’ Committee reported that 976 votes were cast 
in the recent election and that, in addition to the uncontested votes for W. L. 
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Semon, Chairman, C. R. Haynes, Secretary, and A. W. Oakleaf, Treasurer, the 
balloting resulted as follows: Vice-Chairman, 8. G. Byam; Director-at-Large, 
J. H. Ingmanson; new Directors for two years, S. M. Boyd, R. A. Claussen, 
H. L. Ebert, H. L. Fisher, B. 8. Garvey, Jr., P. O. Powers, and G. M. Wolf. 

The technical sessions comprised five symposia, which had been organized 
by individual chairmen, who opened the symposia with short introductory 
addresses and presided at the symposia. 


COMPOUNDING 
Chairman, A. E. Juve, B. F. Goodrich Co., Brecksville, O. 


. The Compounder in the Rubber Industry. B.S. Garvey, Jr. (Sharples 
Chemicals, Inc., Wayne, Pa.) 

. The Significance of Breakage of Carbon-Rubber Networks by Applied 
Stress. A. F. BLancHAaRD AND D. Parkinson (Dunlop Rubber Co., 
Birmingham, England). 

3. Carbon Black Dispersion and Reinforcement. E. M. DANNENBERG 
(Godfrey L. Cabot, Inc., Boston, Mass.). 

. Some Properties of Butyl Rubber-Carbon Black Systems. F. P. Forp 

AND A. M. GessLeR (Standard Oil Development Co., Linden, N. J.). 
5. Estimation of the Wear Resistance of Vulcanized Elastomers. J.C. Burns 
AND E. B. Srorey (Polymer Corporation, Ltd., Sarnia, Ontario). 

3. The Effect of Metallic Oxides on the Vulcanization of Neoprene Type W. 
F. H. Fritz anp L. R. Mayo (E. I. du Pont de Nemours & Co., Wilming- 
tion, Del.). 


DYNAMIC PROPERTIES OF RUBBERLIKE MATERIALS 


Chairman, J. W. Liska, Firestone Tire & Rubber Co., Akron, O. 


. Dynamic Properties of Rubber. Rosert 8S. Marvin (National Bureau 
of Standards, Washington, D. C.). 

8. Correlation of Dynamic and Static Measurements on Rubberlike Materials. 
R. D. ANDREws (Dow Chemical Co., Midland, Mich.). 

9. Dynamic Mechanical Properties of Polyisobutylenes in the Audiofrequency 
Range. Joun D. Ferry (University of Wisconsin, Madison, Wis.). 

. Vibration Characteristics of Tread Stocks. K. E. Gui, C. S. WiLkinson, 
Jr., AND S. D. Gruman (Goodyear Tire & Rubber Co., Akron, O.). 

. Velocity and Attenuation of Ultrasonic Sound in Polymers. J. L. MEL- 
cHor, A. A. Perrauskas, AND E. Gut (University of Notre Dame, 
Notre Dame, Ind.). 

2. Study of High Polymeric Material by Ultrasonics. G. I. Caruers, E. D. 
Battey, A. M. Bucny, aND Emanvuat Asness (Franklin Institute, 
Philadelphia, Pa.). 


OZONE CRACKING 
Chairman, G. R. Cuthbertson, U. 8. Rubber Co., Detroit, Mich. 


. Static Exposure Testing of Automotive Rubber Compounds. H. A. 
WINKELMANN (Dryden Rubber Division, Sheller Manufacturing Corp., 
Chicago, IIl.). 

. Ozone in Los Angeles and Surrounding Areas. A. W. Barret (United 
States Rubber Co., Los Angeles, Calif.) ann J. W. Tempie (United 
States Rubber Co., Detroit, Mich.). 
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. Crack Depth Analysis of Ozone Cracking Results. Joun S. Ruee (Gates 
Rubber Co., Denver, Colo.). ' 

. Effects of Temperature and Elongation on the Cracking of Rubber and 
GR-S in @zone. G.R.CuTHBERTSON AND D. D. Cunnom (U.S. Rubber 
Co., Detroit, Mich.). 

. Ozone and Sunlight Aging Studies of Carbon Black Vulcanizates. GEORGE 
KE. Popp anp Lynn Harsison (Phillips Chemical Co., Akron, O.). 

. Ozone Resistance of Neoprene Vulcanizates. Effect of Compounding 
Ingredients. D.C. THompson, R. H. Baker, anp R. W. BRowNLOW 
(Kk. I. du Pont de Nemours & Co., Wilimington, Del.). 


PREPARATION OF SYNTHETIC RUBBER 
Chairman, W. B. Reynolds, Phillips Petroleum Co., Bartlesville, Okla. 


. Synthetic Rubber Preparation—A Review of Important Polymerization 
Processes. R. L. Bess (Firestone Tire and Rubber Co., Akron, O.). 

. Viscosity-Conversion Relationships in Sulfur-Modified Polychloroprenes. 
W. E. Mocuet (E. I. du Pont de Nemours & Co., Wilmington, Del.). 
. Polymerization Rates in Emulsion Systems. Maurice Morton, P. P. 
SALATIELLO, AND H. LANDFIELD (University of Akron, Akron, O.). 


PROPERTIES OF SYNTHETIC RUBBER 
Chairman, J. D. D’Ianni, Goodyear Tire & Rubber Co., Akron, O. 


. Relationship between Molecular Structure and Physical Properties of 
Synthetic Rubber. S. D. Genman (Goodyear Tire and Rubber Co., 
Akron, O.). 

3. Butadiene-Styrene Rubbers. Some Effects of Polymerization Tempera- 

ture and Molecular Weight. J. R. Bearry (B. F. Goodrich Co., Re- 

search Center, Brecksville, O.) and B. M. G. Zwicker (B. F. Goodrich 

Chemical Co., Cleveland, O.). 

. Viscosity-Molecular Weight Relation for Polybutadiene. Effect of Poly- 
merization conditions which Influence Branching and Cross-Linking. 
B. L. JonNsoN anp R. D. WoLFanGeEt (Firestone Tire & Rubber Co., 
Akron, O.). 

. Structure of Alkali Metal-Catalyzed Butadiene Polymers. A. W. Meyer, 
R. R. Hampton, ano J. A. Davison (United States Rubber Co., 
Passaic, N. J.). 

. Polysulfide Polymers. Low-Temperature Properties. E. M. Ferrss, 
J. 8. Jorczax, R. L. Knarr, anp P. E. Metss (Thiokol Corp.). 


NATURAL AND SYNTHETIC LATEX 
Chairman, L. A. Wohler, Firestone Tire & Rubber Co., Akron, O. 


. Review of Recent Progress in Latex Technology. E. A. Murpuy (Dunlop 
Tire & Rubber Co., Birmingham, England). 

. Latexes of Flexible Synthetic Polymers. B. M. G. Zwicker (B. F, Good- 
rich Chemical Co., Cleveland, O.). 

. Some Factors in the Prevulcanization of Latex. H. B. Townsenp, P. G. 
Cook, AND P. A. Corrin (General Latex & Chemical Corp., Cambridge, 
Mass.). 
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. Physical Properties of Films from Mixtures of Natural and Synthetic 
Rubber Latex Blends. R. M. Pierson, R. J. Coteman, T. H. RoGers, 
Jr., D. W. Peasopy, ann J. D. D’Ianni (Goodyear Tire & Rubber Co., 
Akron, 0O.). . 

. Water Vapor Permeability and Sorption of Hevea Latex Films. Wi Liiam 
W. Bow ter (Firestone Tire & Rubber Co., Akron, O.). 

. Mechanical and Chemical (Zine Oxide) Stability Tests. C. O. MiseRen- 
TINO (Dunlop Tire & Rubber Co., Buffalo, N. Y.). 

. Studies on the Yellow Fraction of Latex. G. E. van Gis (Indonesian 
Rubber Institute, Bogor, Indonesia). 

. GR-S Latexes in Foam Rubber. Leon Tatatay (Sponge Rubber Pro- 
ducts Co., Shelton, Conn.). 


NEW BOOKS AND OTHER PUBLICATIONS 


ANNUAL REPORT ON THE PROGRESS OF RUBBER TECHNOLOGY. Volume 
XIV, 1950. Edited by T. J. Drakeley. Published by W. Heffer & Sons, Ltd., 
Cambridge, England, for the Institution of the Rubber Industry, 12 Whitehall, 
London §. W.1, England. Cloth, 73 by 92 inches, 120 pages. Price 1/1/10.— 
Following the format of previous editions, this book comprises articles on devel- 
opments during 1950 both generally and in the fields of planting and production 
of natural rubber; properties, applications, and utilization of latex; physics and 
chemistry of rubber and its derivatives; synthetic rubber; testing equipment; 
fibers and fabrics; properties of vulcanized rubber; tires; belting; hose and 
tubing; cables and electrical insulation; mechanical goods; toys and sporting 
goods; surgical goods; proofed goods; solvents and cements; cellular rubber; hard 
rubber; flooring; processing and materials; and machinery and appliances. 
Name and subject indexes are included. [From the India Rubber World.] 

Rupserk Rep Book. 1951-52 Edition, Eighth Issue. Published by 
Rubber Age, 250 W. 57th St., New York 19, N. Y. Cloth 6 by 9 inches, 1,016 
pages. Price, $7.50.—This edition of the “Red Book” continues the growth of 
the series, showing a total increase in number of pages, including advertisements 
of 86 over the seventh issue. This increase in pages is reflected by correspond- 
ing increases in the various sections of the book. The general-organization and 
classification system remains the same, but there are several changes: the listing 
of classified rubber products has been improved by a code numbering system; 
laboratory and“testing equipment has been separated from regular machinery 
and equipment; a listing of the ORR copolymer plants has been included in the 
section on synthetic rubbers; and the scrap-rubber section now contains a 
classified list of scrap rubbers. 

The directory includes sections on rubber manufacturers in the United States 
and Canada; rubber machinery and equipment; accessories and fittings; rubber 
chemicals and compounding materials; fabrics and textiles; natural rubber and 
related material; synthetic rubbers and rubberlike materials; reclaimed rubber; 
scrap rubber; latex; miscellaneous products and services; consulting technolo- 
gists; branch offices and sales agents; trade and technical organizations; 
educational courses in rubber chemistry and technology; technical journals; 
who’s who in the rubber industry; and both subject and advertiser’s indexes. 
[From the India Rubber World.} 

Puysico-Cuimig pu Latex. W.Kopaczewski. Dunod, 92 Rue Bonaparte 
(VI), Paris, France. 1951. Paper, 63 by 10 inches, 169 pages.—No system- 
atic research work has yet been carried out on the colloidal equilibrium of latex, 
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and hardly anything is known about the mechanism of the physical or chemical 
factors capable of disturbing this equilibrium, the author points out in his 
foreword. For eight years he has studied various latexes, more particularly 
that of Euphorbia resinifera, to determine their physicochemical characteristics, 
and results have been compared with existing fragmentary knowledge and col- 
lected in this monograph, which the author claims is the first attempt at a 
physicochemistry of latex. The book also includes hitherto unpublished 
personal researches. 

It is divided into three parts: generalities, conditions of stability, and analo- 
gies. The first part has two chapters. The first briefly discusses the latex- 
bearing individuals of no fewer than 20 families of plants; the second chapter 
takes up the physical and colloidal characteristics of latex. 

Of the three chapters in part two, the first treats of the phenomena of 
gelling and gels (the author includes coagulation and coagula) and the physical, 
mechanical, and chemical agents used in gelling; the second chapter deals with 
the phenomena, experimental conditions, and mechanism of disjunction (separa- 
tion into phases or fractions); the third chapter covers stabilization. 

In part three, plastomers and elastomers are treated, and, finally, simple and 
complex biocolloids. An extensive bibliography concludes the work, which, 
however, contains no reference notes nor indexes. [From the India Rubber 
World. ] 


AN INVESTIGATION ON THE TECHNICAL CLASSIFICATION OF INDONESIAN 
Russers. A. G. J. Arentzen and W. den Breejen. Indonesian Institute for 
Rubber Research, Bogor, Java.—I. Metuops or Testing. No. 8/51. € 
pages.—Methods for testing rubber are described which are used at present on 
Indonesian plantations for the purpose of technically classifying crude natural 
rubber. They are based on methods initiated by French rubber technologists, 
but in some cases changes in these methods have been made to make use of 
apparatus available at the plantations and also to bring the procedures more in 
line with those used in American industry. Homogenizing is done on a cold 
laboratory mill, and the samples are kept under normal tropical conditions. 
In testing for Mooney viscosity, a reduced time of shearing, two minutes at 
first and three minutes in the more recent tests, was used because of a lack of 
instruments to handle the large number of samples. For tension testing, the 
A. C. 8. formula No. 1 was used, but the ingredients were added as a powder 
blend. The mixing cycle was 12 minutes, and the compounded stock was 
stored 20 to 24 hours in the dark at temperatures 22 to 32° C at a relative humid- 
ity of about 65 per cent. Two cures were made, 40 and 80 minutes at 127° C, 
of sheets five mm. thick, from which rings were punched. Storage conditions 
of the vulcanizates were similar to those of the compounded stock. Testing 
was on a Schopper tensimeter with automatic recording, and the force was read 
at 665 per cent elongation of the inner circumference (equivalent to 600 per cent 
on dumbbell specimens), and the results are reported as 600 per cent modulus. 

II. Resutts or a Survey or Export, NovemsBer 1914. No. 9/51. 7 
pages. Tables and graphs.—Many tables of data and graphs illustrate the 
results of tests on various grades of rubber produced on the plantations of 
Indonesia. About 21 per cent of the rubber exported in November, 1949, con- 
sidered a normal month, wasexamined. Less than 4 per cent of this rubber has 
a fast rate of cure, and nearly half is slow curing. About 15 per cent has a low 
Mooney viscosity, and 40 per cent a high viscosity. [From the India Rubber 
World. ] 
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MeEpDIcAL PRoBLEMS ENCOUNTERED IN THE MARUFACTURE OF AMERICAN- 
Mabe Russer. (Safety Reprint: Rubber No.1.) By Dr. Rex H. Wilson, Dr. 
Glenn V. Hough, and William E. McCormick. National Safety Council, 425 
North Michigan Ave., Chicago 11, Ill. 8} X 11 in. 8 pp.—This paper deals 
with medical experiences encountered in the manufacture of the butadiene type 
of synthetic rubber. The ingredients known or suspected to cause health 
problems are discussed in some detail. Pathological and laboratory findings 
are discussed, as are methods of treatment and methods of detection. Toxi- 
cological properties, results of overexposure, and prophylaxis are described. 
The article also attempts to review and coordinate the current literature with 
the authors’ personal experiences and observations. [From the Rubber Age of 
New York. ] 


INDUSTRIAL WasTES: THEIR CONSERVATION AND UTiLizaTION. By Charles 
H. Lipsett. Published by the Atlas Publishing Co., 425 West 25th St., New 
York 1, N. Y. 6} X 9} in. 317 pp. $5.00.—A comprehensive analysis of all 
the important industrial wastes, their vital role in the economic life of the country 
and a description of the origins of the various wastes make up this volume. 
Methods used in collecting wastes, marketing procedures, recovery processes and 
utilization by industry are outlined. Written in an easy-to-read style, the book 
ranges over a wide field of essential wastes including rubber, chemicals, plastics, 
metals, textiles, leather, etc., as well as organic wastes, paints and solvents, 
agricultural wastes, and others. Chapters of the book are devoted to rubber 
scrap, rubber scrap processing, and foam rubber. [From the Rubber Age of 
New York. ] 


Dirt Content OF CrupE Hevea Russer. K. F. Heinisch and G. J. van 
der Bie, Indonesian Institute for Rubber Research, Bogor, Java. I. DreTER- 
MINATION OF Dirt Content. No. 4/51. 11 pages.—After a short general 
survey of the present methods used for dirt in rubber, an improved gravimetric 
method is described, which has been found suitable for routine determinations. 
A distinction is made between the “‘insoluble’”’ portion, which is termed ‘“‘abso- 
lute” or ‘total’ dirt, and the “harmful” dirt; the latter is classified as the 
mechanical impurity which is retained on a 325-mesh screen. 

II. AveraGe Dirt Content or TrapE Grapes. No. 7/51. 14 pages. 
Illustrated—A survey of the dirt content in various trade grades of crude 
rubber shows that there is little relation, on the whole, between dirt content and 
the trade grades of rubber. Rubber produced under the greatest of care is free 
from harmful dirt, but contains from 0.15 to 0.40 per cent total dirt, which is 
made up of natural components of the latex. The harmful dirt content in the 
better grades of rubber averages about 0.10 per cent and is more than 0.5 per 
cent in some of the lower grades. The dirt in the lower grades is generally of 
a much coarser structure. 

IV. INFLUENCE OF PACKING AND BALE CoatineG. No. 10/51. 7 pages.— 
Smoked sheet as a wrapping material absorbs dirt particles more readily than 
crepe or blankets, and it is easier to brush off (either wet or dry) dirt particles 
from crepe than from smoked sheet. Cloth wrappings result in absorption of 
great amounts of fibers which are difficult to remove from the rubber. Bale 
coatings not only prevent bales from sticking to each other, but protect the bales 
from absorbing dirt and also aid in their cleaning. [From the India Rubber 
World. ] 





ASTM Sranparps ON RuBBER Propucts (With RELATED INFORMATION). 
American Society for Testing Materials, 1916 Race St., Philadelphia 3, Pa. 
May, 1951. 654 pages. Price, $5.—This latest edition of committee D-11’s 
standards for rubber products presents in compact form the 100 testing methods 
and specifications developed by the Committee. Many of these standards have 
been revised recently, and the book also includes two emergency alternate 
provisions for friction tape (D 69-48T) and rubber insulating tape (D 119-48T). 
[From the India Rubber World. ] 


RUBBER AND Its DERIVATIVES AS PROTECTIVE COATINGS FOR METALS. By 
R. F. Reynolds. Andre Rubber Co., Ltd., Kingston By-Pass, Surbiton, 
Surrey, England. 6} X 8} in. 16 pp.—Rubber as a protective coating for 
metals is discussed in this paper, which for this reason is not primarily concerned 
with the elastic properties of rubber, but with its chemical inertness and resist- 
ance to abrasion. The use of soft natural rubber and ebonite as protective 
coatings are discussed, the use of rubber-lined equipment is outlined, and the 
use of rubber for impact and abrasion resistance is fully covered. Photographs 
depicting rubber linings and coverings as they are used in industry, aboard ship, 
etc., are included. [From the Rubber Age of New York. ] 














THE RUBBER HYDROCARBON IN FRESHLY 
TAPPED HEVEA LATEX * 


GEORGE F. BLOOMFIELD 


British Rupper Propvucers’ Researcw Association, 48 Tewin Roap, 
ELWYN GARDEN City, Herts, ENGLAND 


INTRODUCTORY 


Characterization of rubber hydrocarbon by intrinsic viscosity, osmotic 
pressure, light scattering, and sedimentation and diffusion methods has yielded 
considerable information on the size and shape of rubber molecules in solution, 
and has established that the rubber hydrocarbon of Hevea brasiliensis as nor- 
mally handled in Europe and America comprises a series of polymer homologs 
with average molecular weight in the region of 500,000 to 1,000,000 and with a 
broad distribution of molecular weight from well over 1,000,000 down to less 
than 100,000. This paper summarizes the results of investigations recently 
carried out in Malaya to characterize the rubber hydrocarbon in fresh Hevea 
latex with respect to its molecular weight, as obtained by viscometric and os- 
motic measurements, and its molecular-weight distribution as revealed by frac- 
tionation. Fuller details are in course of publication elsewhere’. 


THE SOLUBILITY OF RUBBER HYDROCARBON OF FRESH LATEX 


It is well known that coagulation of ammonia-preserved latex after importa- 
tion into the consuming territories yields rather hard rubber of which only a 
small proportion can be brought into solution in hydrocarbon solvents (air 
being excluded), in contrast to the behavior of smoked sheet and of crepe 
rubber, of which a considerably greater proportion is soluble?. Attempts to 
extract the rubber phase from ammoniated latex by shaking it with a rubber 
solvent have also proved unsuccessful, only small portions of rubber passing 
into solution, while the rest of the latex forms with the solvent a swollen gelati- 
nous emulsion. 

The rubber content of fresh latex, however, passes readily into solution when 
latex is shaken with a considerable volume of benzene (not less than 100 cc. per 
cc. of latex), the water content of the latex becoming efficiently dispersed. 
Partial concentration of these solutions under reduced pressure at 30° to 35° C 
effectively removes the dispersed water and gives clear homogeneous solutions 
containing a trace of suspended insoluble nonrubber substance readily removed 
by settling or filtration. Benzene-soluble components of the nonrubber sub- 
stances originally present in the latex are of course also present in these solu- 
tions. 

Alternatively, homogeneous solutions of the rubber content of latex in three- 
component systems containing the water phase of the latex can be obtained by 
shaking fresh latex with two-component solvents containing both hydrophobic 
and hydrophilic components such as hydrocarbon-alcohol or hydrocarbon- 


* An original contribution. This paper was presented * as 12th International Congress of Pure and 
Applied Chemistry, New York, N. Y., September 10-13, 19 
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pyridine, following the vistex techniques developed for latexes of synthetic 
polymers by Baker and Kolthoff*. Contemporaneously with the present work, 
van Essen‘ described a vistex solution method for fresh latex, using a toluene- 
pyridine mixture, the latex being stabilized by a nonionic stabilizer, and this 
mixture gave almost instantaneous solutions of fresh latex. Since all vistex 
mixtures contain a highly-polar component which may influence the shape and 
hence the intrinsic viscosity of rubber molecules in solution, or which may even 
dissolve a rubber which is lightly cross-linked by polar forces, it seemed prefer- 
able in investigations involving measurements of intrinsic viscosity to use only 
nonpolar solvents and to remove the water phase by partial concentration as 
described above. Under tropical conditions benzene proved to be the best 
solvent from the points of view of availability and freedom from peroxidation. 
Vistex solvents (likewise based on benzene) proved very suitable for fractiona- 
tion experiments and, as will be seen later, possess certain advantages from the 
point of view of elimination of nonrubber impurities. 

Although the rubber hydrocarbon in fresh latex is so easily dissolved on 
shaking with a rubber solvent, the extraction of liquid latex or vacuum-dried 
fresh latex films with purified petroleum ether in absence of oxygen, and under 
conditions avoiding agitation or disturbance of the rubber, revealed the pres- 
ence of 20-70 per cent of a gel component, even when the latex was extracted 
from the tree by a new technique’, whereby contact with air or exposure to light 
was avoided. The gel remained in the extraction flask in the form of small 
flocculent particles suspended in the solvent, accompanied by some greatly 
swollen gelatinous substance in the case of the rubbers of high gel content. 
Most of the gel dispersed into a cloudy “solution” when the flask was gently 
agitated : thus exhibiting behavior similar to that of the microgel component of 
GR-S synthetic rubber* and suggesting that the gel in Hevea latex also consists 
of microgel, i.e., hydrocarbon material cross-linked within the latex particles 
and, consequently, of colloidal dimensions, in contrast to the insoluble macrogel 
component of smoked sheet, which does not disperse with gentle agitation and 
which is accordingly believed to be more extensively cross-linked. 


INTRINSIC VISCOSITY OF RUBBER OBTAINED FROM LATEX 


The viscosity of rubber from fresh latex was investigated by using solutions 
prepared in the various ways outlined above. Three different intrinsic viscosi- 
ties? were measured: 


(1) The “Latex Solution Viscosity” (L.S.V.) obtained from a dehydrated 
solution in benzene, prepared direct from latex. The concentration 
was that of the total solids content, which was generally some 10 per 
cent greater than the true rubber content. 

(2) Intrinsic viscosity of the rubber precipitated by addition of excess 
methanol to a dehydrated solution of latex in benzene, dried in vacuo, 
and redissolved by shaking with benzene. 

(3) Intrinsic viscosities of the sol and gel components of rubber, the former 
measured on a solution obtained by extraction of dried latex films with- 
out agitation, and the latter measured on solutions prepared by shaking 
the remaining gel component with benzene. 


Effect of nonrubbers on intrinsic viscosity—The ratio of the intrinsic viscosity 
of the precipitated rubber, evaluated as item (2) above, to that of the latex 
solution, was of a considerably higher order (1.25 to 1.4) than that expected if 
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the nonrubber substances present in the latex solution functioned solely as low- 
molecular diluents. This discrepancy could be only partially accounted for by 
failure of low-molecular components of the rubber to be precipitated under the 
standardized conditions of Table 1. 


TABLE | 


PRECIPITATION OF RUBBER FROM LATEX SOLUTIONS BY A STANDARD 
ProcepuRE (ADDITION OF AN Equaut VoLUME oF 30 PER CENT 
BENZENE IN METHANOL) 


Intrinsic viscosity of 





_ . Percentage 
Latex Redissolved rubber 
solution pptd. rubber pptd.* 


4.8 7.12 J 69 
5.4 7.57 ‘ 75 
4.9 6.71 , 79 
Bee 8.47 “ 85 
. 7.37 “ 87 
9.18 2! 87 

6.50 “ 87.5 


* Expressed as percentage of total solids in solution. 


Evaporation (in vacuo) of the solution remaining after precipitation of the 
rubber from a latex solution, resolution of the residue in benzene, and addition 
of the solution to a benzene solution of the precipitated rubber closely restored 
the original latex solution viscosity showing that no increase in molecular ag- 
gregation of the rubber itself could have occurred as a result of precipitation 
and drying. Consequently, since the intrinsic viscosity increase on precipita- 
tion exceeded that due to the purely additive effects of the eliminated nonrubber 
and low viscosity components, the observed increase was attributed to a de- 
pression of viscosity in the solution obtained from latex due to the polar char- 
acter of the nonrubber substances eliminated from the rubber on precipitation. 
This was confirmed by addition of such substances to a solution of a precipitated 
rubber. Thus the addition of 10 per cent of the acetone-soluble components of 
rubber reduced the intrinsic viscosity as much as 15 per cent in one instance. 

Intrinsic viscosity of sol and gel rubbers.—In agreement with Baker’s observa- 
tions on GR-S microgel®, the intrinsic viscosities of solutions of dispersed Hevea 
gel rubber were generally rather lower than the viscosity of the separated sol 
rubber, in so far as it was possible to estimate the former in the presence of the 
considerable amount of insoluble nonrubber substances concentrated in the gel. 
To what extent cross-linking in gel rubber is due to its association with these 
nonrubber substances, or to oxygen-bridging, has not hitherto been determined 
with any certainty, owing to the practical difficulties of establishing the exist- 
ence of primary linkages in the presence of nitrogenous and mineral impurities. 
It is known that, even after extensive purification under conditions precluding 
chemical fission of bonds, a small amount of nitrogen (0.01 to 0.03 per cent) 
remains firmly bound with the rubber®, and it is not unreasonable to suspect 
that these small amounts of nitrogen, or of oxygen or other hetero-atoms, if 
efficiently combined in cross-linkages, could account for the peculiar solubility 
characteristics of gel rubber. Purification of latex in fact only brought about 
a partial reduction in the gel content (Table II), showing that the bulk of the 
nonrubbers originally present outside the latex particle were not involved in 
the structure of the gel. 
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The gel components of these purified rubbers could not be dissolved by shaking, 
but since the intrinsic viscosities of the sol components exceeded those of the 
total rubbers, it was clear that the intrinsic viscosities of the gel components 
were again relatively lower than those of the sol rubbers. 


TABLE IT 
Errect OF PURIFICATION OF LATEX ON GEL CONTENT 


Residual i 
nitrogen Before Gel Intrinsic viscosity of 
in dry purifica- after A \ 
Source of rubber tion purifi- Original Sol 
latex (%) (%) cation rubber component 


Tree 15 04 71 41 7.12 8.42 
Tree 14 04 27 20 7.21 7.4 





Dependence of intrinsic viscosity on tree, tapping date, duration of tapping and 
storage.—Observations on some selected trees during rather more than a year 
showed a small but statistically significant day-to-day variation within each 
tree, with a very much larger difference between trees of different clones. It is 
noteworthy that no general trend or seasonal fluctuation was observed, even 
during the period of defoliation and new leaf-growth during which latex yields 
always suffer considerable reduction. A striking feature of the observations on 
fresh latex was the high order of magnitude of intrinsic viscosity revealed both 
in the latex solution viscosity (4.5 to 7.5) and in the rubbers ([7] 6 to 10) 
precipitated from the latex solutions. This establishes clearly that the rubber 
hydrocarbon as it leaves the tree is already present as a high-molecular sub- 
stance. 

Experiment showed that the intrinsic viscosity of the rubber hydrocarbon in 
latex does not change significantly during the period of latex flow from the tree, 
nor were any significant changes observed in the latex solution viscosity of 
samples taken during four hours’ storage after tapping, nor during a few weeks’ 
storage of latex preserved either with ammonia or under neutral conditions 
with bactericide and nonionic stabilizer®. More prolonged storage rendered 
the rubber partially insoluble, so that the latex could no longer be brought into 
solution, nor could coagulated rubbers, which had been dried in vacuo, then be 
completely dissolved. 


INTRINSIC VISCOSITY OF RUBBER HYDROCARBON IN 
LATEX, CREPE, AND SMOKED SHEET 


Considerable difficulty accompanies attempts to make a reliable comparison 
of the intrinsic viscosities of rubbers in latex and in dried rubber. Logically 
this should be done only with latex freed from all nonrubber substances, but dis- 
placement of surface-active substances by soap before creaming gave a latex 
containing residual soap which depressed the L.S.V.; moreover, vacuum-dried 
rubbers from highly purified latexes were frequently partially insoluble. The 
most satisfactory compromise accordingly appeared to be the comparison of 
L.S.V. with vacuum-dried coagulum, using white fraction or multicreamed 
latex. Only small differences in intrinsic viscosity were then observed, not 
greater than could be accounted for by differences in the nonrubber content, 
while the intrinsic viscosities of the rubbers precipitated either from solutions 
of the latex or of the dried coagulum were practically identical. Furthermore, 
the differences between L.S.V. of unpurified latex and the intrinsic viscosity of 
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the corresponding vacuum-dried rubber were not very large (Table III). 
Preparation of smoked sheet, involving several days’ exposure to air at 50- 
65° C, or preparation of crepe, involving some machining, slightly reduced the 
intrinsic viscosity (Tables III and IV). 


TaBLe III 


Comparison oF L.S.V. witu Intrinsic Viscosiry or VacuuM—DRIED 
CoAGULUM AND SMOKED SHEET 


Intrinsic viscosity of 





Vacuum- pe 
dried Smoked 

coagulum sheet 
4.95 4.85 
5.66 5.79 
5.64 5.50 
6.11 5.94 
6.66 6.16 
7.83 7.61 
7.4 7.44 


TaBLe IV 


Comparison oF L.S.V. wits Intrinsic Viscosiry or VacuuM—DRIED 
CrEPE AND AtrR-DriepD CREPE PREPARED FROM Estate LATEX 


Intrinsic viscosity of 
A. 





, Vacuum- Vacuum- Air- 
dried dried dried 
Incoming latex L.S.V. coagulum crepe crepe 

September 6th 6.1 6.45 5.62 5.60 

September 27th 6.4 6.81 5.85 5.65 

October 6th 6.0 6.25 5.90 5.63 


The viscosity reduction in the crepe rubber was attributed to machining 
rather than to drying in air, since the corresponding intrinsic viscosities of 
vacuum-dried crepes were little different from the air-dried samples, whereas 
the intrinsic viscosities of the crepe samples were lower than those of correspond- 
ing vacuum-dried coagula. 


FRACTIONATION OF THE RUBBER HYDROCARBON 
OF FRESH LATEX 


Progressive cooling of benzene-methanol solutions of an unpurified rubber of 
high average intrinsic viscosity, obtained in solution at the tree, revealed the 
presence of a very considerable proportion of high-molecular material char- 
acterized by intrinsic viscosity (in benzene) in the region of 10 and more 
(Table V). 


TABLE V 


BENZENE-METHANOL FRACTIONATION OF A DEHYDRATED 
SoLuTion or LATEX 


Total 
Precipitation tem- rubber 
perature of in fraction 
fraction 0) Intrinsic viscosity 
38.3° 17.5 Insoluble 
36.2° 26 5.78 in benzene + 
15% methanol 
29.0° 47.5 9.94 in benzene 
Residual solution 9 3.34 in benzene 
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Fractionation of vacuum-dried freshly-coagulated latex and of some samples 
of year-old smoked sheet, after preliminary removal of benzene-insoluble gel, 
similarly revealed the presence of a substantial proportion of high-molecular 
substances (Table VI). 


TABLE VI 
FRACTIONATIONS AFTER REMOVAL OF BENZENE-INSOLUBLE GEL 
(In 70/30 benzene-methanol) 


Rubber Intrinsic Nitrogen 
Rubber Component (%) viscosity (%) 


Smoked sheet 
(soft rubber) 


Smoked sheet 
(hard rubber) 


Smoked sheet 
(hard rubber) 


Vacuum-dried 
coagulum 


Whole rubber* 

Gel 

Fraction pptd. at 29.3° 
Fraction in solution 


Whole rubber* 

Gel 

Fraction pptd. at 29.3° 
Fraction in solution 


Whole rubber* 

Gel 

Fraction pptd. at 29.3° 
Fraction in solution 


Whole rubber* 

Gel 

Fraction pptd. at 30.6° 
Fraction pptd. at 28.5 
Fraction pptd. at 25 
Fraction pptd. at 10 
Fraction in solution 


5.65 


11.45 
5.43 


Part insol. 


10.31 
5.45 


7.28 


10.75 
6.67 


5.46 


10.78 
8.23 
6.29 
2.74 
0.91 


* Acetone-extracted samples dissolved and dispersed by shaking. 


A considerable volume of data on fractionation of smoked sheet rubber is al- 
ready available from previous studies in Europe and America’, and the only 
new aspect of the data in Table VI is in the relatively small contribution which 
the gel component makes to the overall intrinsic viscosity of the total rubber 
when the latter is dispersed (or dissolved) by shaking. Few of the American 
and European studies, however, have revealed fractions with intrinsic viscosity 
greatly exceeding 8 in benzene or 4.5 in benzene + 15% methanol, with the 
exception of some fractions with inherent viscosities up to 14 reported by 
Johnson", 

Fractionation of Vistex solutions of latex ——An alternative approach to the 
problem of studying the molecular-weight distribution in rubber hydrocarbon 


Tas.e VII 


FRACTIONATION OF A VISTEX SOLUTION * oF LATEX 
IN BENZENE-ISOPROPANOL 

Consecutive 
pptn. Yield Analysis 
temps. of rubber 
(° C) (%) [n] %N % Ash 
31.5 23 1. 
30.5 18 9. 0.02 0.02 
29.0 15 : 0.01 0.04 
10 24 5. 

Residue 20 





Degraded and contaminated 
with nonrubbers. 


* 10 cc. of latex in 320 cc. of benzene + 80 cc. of isopropanol. 
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as it leaves the tree lies in utilization of the very convenient Vistex solution 
technique referred to earlier. A mixture of benzene with isopropanol proved 
eminently suitable for obtaining solutions, which were slightly hazy, of latex 
from which a series of fractions (Table VII), including some of a quite unusual 
degree of purity, were obtained by addition of more isopropanol and progressive 
cooling. 

The nitrogenous and the insoluble mineral components of the nonrubbers, 
which were mainly concentrated in the first fraction, could be further reduced 
by removing the lutoids!* from the latex and using the white fraction for pre- 
paring the vistex solution. 

Soluble nonrubber substances became concentrated in the last (most 
soluble) fractions, which were discarded, since they had undoubtedly suffered 
some degradation during evaporation of the considerable volumes of solution 
involved. Unfortunately isopropanol exhibited a very great tendency to be- 
come peroxidized, which contributed toward degradation; of alternative solvent 
pairs benzene-ethanol or benzene-acetone were less effective in concentrating 
the nitrogenous impurities in the first fraction. 

To verify whether there was indeed in fresh rubber a fraction of low intrinsic 
viscosity or whether those isolated above were cumulative degradation products, 
some centrifuged white fraction of latex from trees known to give soft rubber 
was coagulated by pouring into acetone, squeezed into a thin sheet, acetone- 
extracted at room temperature, and dried in vacuo. Fifty grams of the dried 
rubber (intrinsic viscosity 5.7) was dissolved in benzene-methanol, and a major 
fraction (72 per cent, intrinsic viscosity 6.96) was precipitated by adjusting the 
methanol concentration to 20 per cent at 30° and then cooling to 29°, leaving 
23.7 per cent (isolated from solution by evaporation under reduced pressure), 
with intrinsic viscosity 2.47. The latter material was redissolved in benzene- 
methanol and again divided into two fractions by adjusting the methanol con- 
centration to 21 per cent at 28.5°, thus precipitating 58.9 per cent, with intrinsic 
viscosity 3.35, and leaving in solution 34.2 per cent with intrinsic viscosity 1.25. 
The last fraction, a soft, plastic, tacky rubber, represented 8.1 per cent of the 
original acetone-extracted rubber (Found: C, 85.3; H, 11.8; ash, 0.8; N, nil; 
O, 1.78%). An analysis of the intrinsic viscosities in relation to the proportions 
of the separated fractions shows that no appreciable degradation can have 
occurred in these manipulations. 


LOW MOLECULAR OXYGENATED FRACTIONS OF RUBBER 


The finding of a fraction containing oxygen (directly determined) consider- 
ably in excess of the ash content in the above fractionation was of considerable 
interest, since similar fractions had been isolated from smoked sheet and pale 
crepe rubbers in England" and in the East'*, and it had not hitherto been 
clearly established whether such fractions were formed by oxidative degradation 
of rubber or whether they were originally present in the rubber in fresh latex. 
In the course of the present investigations several such low-molecular fractions 
were isolated in fractionation procedures and by diffusion. In the latter method 
it was found very convenient to subject the rubber to continuous extraction 
with the benzene-ethanol azeotrope of composition 65.2 per cent benzene (by 
volume) since this mixture became a solvent for rubber at temperatures above 
50°, while at 20° it extracted only nonrubber components. Consequently, a 
progressive increase of extraction temperature between these limits provided 
a convenient method of extracting fractions of progressively increasing molecu- 
lar weight. 
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Although all the rubbers examined for their content of oxygenated fractions 
were prepared by pouring freshly tapped latex into acetone through which a 
stream of nitrogen was passed, followed by acetone-extraction under nitrogen 
and drying under high vacuum, with the additional precaution in one instance 
of collecting the latex itself in a nitrogen atmosphere, the low-molecular frac- 
tions with intrinsic viscosity below 1.5 invariably contained combined oxygen 
in excess of that which could be reasonably accounted for in the acetone-insolu- 
ble nonrubber substance responsible for the ash contents of the fractions 
(Table VIII). The proportion of such fractions isolated represented up to 
10 per cent of the rubber in some of the softer rubbers examined, but appeared 
to be substantially less in some harder rubbers. 


TaBLe VIII 


Some TypicaL OxyGENATED Fractions ISOLATED 
FROM FRESHLY PREPARED RUBBER 


Frac- 

tion in Analysis of fraction: 

rubber [n] of A 
Method of isolation (%) fraction ; H OF N 


Diffusion: 1.5 0.52 a 11.85 0.47 0.05 
latex (tree 3) 
collected under 2.2 0.69 11.8 0.40 — 
nitrogen 1.07 11.9 0.30 0.06 


1.8 
Diffusion: 5.0 1.56 85.: 11.7 2.0 
latex from pre- 
viously untapped 
tree 





Fractional pptn. 
of soft rubber 
(benzene-alcohol) 


Fractional pptn. 
of soft rubber 
(CCl,.-acetone) 


Fractional —_. 


of hard rubber 
(CCl,-acetone) 


* Oxygen content by direct determination". 


The oxygenated fractions contained active hydrogen corresponding to 
30-50 per cent of the combined oxygen if the active hydrogen was present in 
hydroxyl groups, and to 60-100 per cent of the combined oxygen if present in 
carboxyl groups, but the actual mode of combination of the oxygen has not yet 
been established. 


INTRINSIC VISCOSITY, MOLECULAR WEIGHT AND PLASTICITY 


Osmotic data obtained in Zimm-Myerson osmometers with some pure 
fractions of reduced molecular-weight distribution showed that osmotic molecu- 
lar weights were in substantial agreement with those derived from Carter, 
Scott and Magat’s equation'® [7] = 5.02 K 10-* M®-*67, Unfortunately the 
Zimm-Myerson osmometer proved unsuitable for estimating molecular weights 
exceeding 10°, and only a restricted range of fractions, not representing the 
major proportion of the rubbers, could be examined (Table IX). 
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TasLe IX 


INTRINSIC VISCOSITIES AND Osmotic MoLEecuLAR WEIGHTS OF 
Some Hevea Hyprocarson FRAcTIONS 


Viscosity 
molecular 
weight cal- 
Comatic culated from 


Intrinsic {n] = 5.02 
viscosity molecular weight X 10-4 M?.e 


9.7 >2 X 10° 2.5 X 108 
7.9 >2 X 10° 1.8 X 10° 


1.1 X 10° 1.2 X 10° 


3 
ia 0.8 X 10° 0.6 X 10° 
0.25 to 0.35 x 10° 0.4 X 10° 


Huggins"? has demonstrated from theoretical considerations that the value 
of the exponent in the generalized equation: [»] = KM* depends on the shape 
of the polymer molecule. Any factor tending to affect shape, such as chain 
branching, or tending to restrict the extensibility of the molecule, such as cross- 
linking, can be expected to reduce the value of the intrinsic viscosity per unit 
molecular weight, and this would be reflected in a reduced value of a. This 
has been verified experimentally for a series of polybutadienes'* and for some 
branched polyesters!*. Accordingly, the value a = 0.67 may be too high in 
the case of fractions containing microgel. Hence the relatively lower intrinsic 
viscosity of rubbers containing gel, e.g., gel rubber compared with sol rubber, 


TABLE X 
InTRINSIC VISCOSITIES, MOONEY VISCOSITIES, AND GEL CONTENTS 


Intrinsic viscosity of Gel content 
c A ‘ Mooney la ates ‘ 
Tree Latex Smoked smoked Dried Smoked 
no. solution sheet sheet latex* sheet** 
4.95 4.85 47 21 
4, — 45 —_ 
5. : 5.59 110 59 
5. 5.50 50 27 
5. 
6. 
7.6 








6.16 110 71 
ees 72 1s 
7.32 115 67 


* Petroleum-insoluble gel. 
** Gel insoluble in a mixture (80/20 by volume) of benzene-methanol at 30° C. 


may not necessarily mean that the gel-containing rubbers have lower molecu- 
lar weight. (The fraction of highest intrinsic viscosity recorded in Table IX 
gave a rather “ropy” solution in benzene, indicative of incipient gelation). 

Although progressive mill breakdown of a given rubber produces a series of 
rubbers of progressively reduced intrinsic viscosity and Mooney viscosity, in 
which these two variables are closely correlated, it became clear in the present 
investigations that, while between rubbers of different origin a statistically 
significant correlation between plasticity and intrinsic viscosity was found in 
some cases, such large discrepancies were also found (Table X) that intrinsic 
viscosity of the fresh rubber (in benzene) could not be used as a reliable guide 
to the plasticity of rubber. 

It appeared to be generally true that soft rubbers had low average intrinsic 
viscosities, with an above-average proportion of fractions in low-viscosity cate- 
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gories (Tables I and VIII) and also that rubbers of high intrinsic viscosity were 
hard, as might be expected from the implied differences in molecular weight. 
However, the converse was not necessarily true, and some hard rubbers had 
only medium or even rather low intrinsic viscosities. These were rubbers of 
high gel content, and their existence suggested that the plasticity of rubber is 
very sensitive to the presence of gel. This concept found support in an ob- 
servation that artificial hardening of rubber by treating latex with benzidine, 
which is believed to introduce cross-linking*®, produces no significant change in 
latex solution viscosity. 

Osmotic data revealed substantial differences between hard and soft rubbers 
of similar intrinsic viscosity (Table XI). Since the osmotic and viscometric 


TABLE XI 


Osmotic Data on Harp AND Sorr RUBBERS OF 
Smu.ar Intrinsic VISCOSITY 
Intrinsic viscosity of 
¢ “ ‘ Osmotic 
Source of Latex Fysd. molecular Mooney 
rubber solution rubber weight viscosity 
Tree 1 4.9 6.96 367,000 47 
14 5.2 7.07 572,000 50 
2 5.2 6.60 830,000 110 





data were obtained on unfractionated rubbers, the differences probably re- 
flected different molecular-weight distributions as well as possible modification 
of the value of the exponent in the equation: [7] = KM. 

Differences in hard and soft rubbers of similar intrinsic viscosity were also 


reflected in the magnitude of the decrease observed in passing from a good 
solvent (benzene) to a poor one (benzene + 15 per cent methanol), the restric- 
tion on coiling up in the poor solvent, imposed by structural influences operating 
in the hard rubber, giving rise to a relatively smaller reduction in intrinsic 
viscosity. 


CHARACTERISTICS OF RUBBER IN LATEX OF UNTAPPED TREES: 
A NATURALLY OCCURRING MICROGEL LATEX 


Since Hevea brasiliensis possesses a latex system of intercommunicating 
vessels, it is not surprising that withdrawal of latex at the tapping cut affects 
the concentration of latex over a considerable area of bark of the tree®. Esti- 
mates of the area of bark affected vary considerably, possibly depending on the 
tree, but a reduction in the rubber content of the latex at sampling points as 
remote as thirty feet above the tapping cut has been observed after only three 
tappings of a newly opened tree. 

When the technique of taking samples of latex into benzene was applied to 
trees which had not been tapped for eight years, as well as to some twenty-year 
old trees which had not previously been tapped, it was immediately evident 
that the latex from these trees representative of several clones had very different 
solubility characteristics compared with normal latex since, on shaking, the 
rubber phase first disintegrated into small swollen particles which required con- 
siderable further shaking to bring them into solution. After dehydration the 
solution remained hazy and had quite low inherent viscosity (0.5 to 3), which in- 
creased slightly with concentration, and when poured from one vessel to an- 
other the solution left an insoluble rubber film on the walls of the container. 
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In the group of trees examined, one particular clone (P. B. 186) gave a normal 
latex, z.e., one passing into solution after a few minutes’ shaking to give con- 
centration-independent inherent viscosities in the range 4-7. 

When rubber was precipitated from benzene solutions of latexes of the 
above abnormal type and dried in vacuo, it could not be redissolved in either 
benzene or benzene-methanol. Precipitation of the rubber was practically 
quantitative, 88-92 per cent of the total solids (estimated by evaporation of a 
portion of the solution) being found in the precipitate. The nonrubber content 
of latex from these long-rested trees was shown to be no greater than that of 
normal latex ; consequently the low intrinsic viscosities observed could not have 
been due to an abnormally high proportion of nonrubber substances in these 
latices. 

The almost quantitative precipitation of rubber from solution and the in- 
solubility and toughness of the precipitated rubbers proved beyond doubt that 
the foregoing rubbers were not of low molecular weight (cf. fractions of com- 
parable inherent viscosity described in Table VIII). Even before removing 
residual solvent from the precipitated rubbers, difficulty was experienced in re- 
dissolving them completely, and at best only specky solutions could be ob- 
tained, containing discrete swollen gel particles. The solvent-free precipitated 
rubbers were swollen to a limited extent in benzene, thus resembling lightly 
vulcanized rubber, and estimates of the degree of swelling were obtained by 
visual measurements or rapid weighing of the swollen samples. These are 
shown in Table XII, in which Qm is the swelling index expressing the volume of 
benzene absorbed per unit volume of rubber. 


TABLE XII 
SwELiina InDEx or RuBBERS FROM LONG—-RESTED TREES 
Clonal 
Preparation of samples type L.S.V. 


Precipitated from solution RRI. 514 
Precipitated from solution RRI. 513 
Precipitated from solution Av. 49 
Acetone-extracted coagulum Same tree 
from purified latex 
Precipitated from solution Av. 49 0. 11 
Precipitated from solution sy Fi | 0. 9 


Although vacuum-dried coagula obtained from these latexes were mainly 
insoluble, vacuum-dried latex films could sometimes be brought into solution 
by violently shaking with benzene, and the inherent viscosity (1.1) of one of 
these solutions was found to be identical with that of the solution of the cor- 
responding latex. 

No measurable osmotic pressure was shown by latex solutions with intrinsic 
viscosity below 1 and of concentration less than 0.5 per cent by weight, and at the 
highest concentration examined (0.89 per cent) the osmotic pressure was only 
about 0.1 cm., indicative of enormous molecular weight. 

An abnormally low ratio (1.5 to 1.8) of intrinsic viscosities in benzene and 
benzene-methanol compared with normal rubbers (2.0 to 2.9) indicated con- 
siderable restriction on the ability of the molecules to coil up in the poorer 
solvent. 

All the foregoing characteristics of these abnormal latexes were consistent 
with the concept of a cross-linked structure confined to the individual latex 
particles, and such latexes have accordingly been designated as microgel latex*?. 
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As anticipated from the previous section, rubbers obtained from microgel latex 
proved to be very hard, with Williams Dy» plasticity in excess of six units and 
Mooney viscosity above 120. 

It follows that considerable changes must occur in the characteristics of 
latex and of the rubber derived from it when untapped trees are brought into 
regular tapping, and the change from microgel latex to a latex yielding normal 
rubber was complete in about ten consecutive half-spiral alternate-daily tap- 
pings. During this period the inherent viscosity of solutions of the latex in- 
creased from about 1.0 to 4 or more, while the rubber became progressively 
softer, providing an example of inverse proportionality between plasticity and 
intrinsic viscosity. Similarly, the opening of a second tapping cut above an 
existing tapping panel provided markedly harder rubber from the upper cut 
than from the lower one, with significant differences in mineral components 
known to affect latex stability. 

The identification of microgel latex in a given part of the tree shows that 
latex in that part of the tree has not been withdrawn by tapping, and enables the 
area of a tree which supplies latex to the tapping cut to be defined. Certain 
high-yielding trees gave evidence of withdrawal of latex from points as remote 
as thirty feet above the tapping panel. 


SUMMARY AND CONCLUSIONS 


The rubber hydrocarbon in latex as it leaves the tree is already a high 
polymer, with a broad distribution of molecular weight ranging from several 
millions to below 100,000, with the major part of the hydrocarbon in the higher 
molecular weight ranges. Changes in the hydrocarbon subsequent to its leav- 
ing the tree tend to be degradative, but may also involve cross-linking reactions 
leading to changes in plasticity. 

Structural changes in rubber attributed to restricted cross-linking have a 
greater influence on plasticity than on solution viscosity. A gel component 
(probably microgel) present in the freshly tapped hydrocarbon is of considerable 
importance in determining the hardness of raw rubber, but greatly complicates 
the interpretation of viscometric data, of which evaluation by the equation: 
[n] = 5.02 X 10-* M°-® only appears to be valid for gel-free rubber fractions. 
Plasticity and intrinsic viscosity cannot, therefore, be generally correlated, 
although the plasticity is influenced by the spread of the molecular-weight 
distribution into lower molecular weight regions. 

The presence of a high proportion of microgel in latex of untapped trees and 
of branches remote from the tapping panel of trees in regular tapping, and the 
presence of combined oxygen in the low-molecular fractions of rubber hydro- 
carbon obtained from both normal and microgel latexes may be of interest in 
connection with questions of biosynthesis and metabolism of the rubber hydro- 
carbon of Hevea brasiliensis. 
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THE APPLICATION OF RUBBER IN THE 
QUANTITATIVE DETERMINATION 
OF OZONE * 


C. E. BrapLEy AND A. J. HAAGEN-SmItT 


KerckHorr LABORATORIES OF BroLtocy, CaLirorNiA INSTITUTE OF TECHNOLOGY, 
PasaDENA, CALIFORNIA 


In connection with analytical studies of smog in the Los Angeles area, it was 
found that a number of oxidizing substances, including ozone, are present in the 
air. Methods for the quantitative determination of ozone in this mixture are 
confusing since none of the reagents applied in the usual ozone analysis react 
specifically with ozone. 

Rubber as a specific test for ozone has been recognized by Reynolds! and by 
van Rossem and Talen?. the former suggesting that a quantitative measure of 
ozone might be developed based on its reaction with rubber. Crabtree and 
Kemp’, in a detailed study of the effects of light, oxygen, and ozone on rubber, 
concluded that ozone is the only atmospheric component that develops this 
particular type of cracking on stretched rubber. Confirming this conclusion, 
we have identified this action only where ozone has been present. Low con- 
centrations of ozone are in common use for comparative weather aging tests on 
rubber. In this paper we present results obtained by using rubber as a reagent 
for measuring ozone quantitatively. 

It has long been known that ozone has a characteristic cracking action on 
raw or vulcanized rubber when the rubber is under strain in a bent or stretched 
condition. This cracking does not develop when the rubber is not under tension 
and is not accompanied by the stiffening effect characteristic of many oxidizing 
agents in their action on rubber. Natural and synthetic rubbers, raw and 
vulcanized, are sensitive to ozone when under tension. Butyl and Neoprene 
are more resistant to ozone than are other types of rubber. 

There are a number of factors which influence the action of ozone on rubber, 
including: 


. Degree of stress; 

. Nature of the rubber compound; 

. Concentration of the ozone; 

. Time of exposure; 

. Velocity of the gas contacting the rubber as determined by the rate of 
flow and the size of the reaction tube; 

}. The temperature at which the reaction takes place. 


THE RUBBER COMPOUND 


It is desirable to have a standard compound which is quite sensitive to 
ozone. The use of a particular formula is not necessary, but it is important 
that whatever the stock used it shall be uniform, so that the variation between 
samples in sensitivity to ozone is reduced to a minimum. 

* An original contribution by the authors. 
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The following compound we have found satisfactory for standardizing 
purposes. 


Rubber 100 
Tire reclaim 125 
SRF black 33 
Stearic acid 1.5 


Pine tar 

Zine oxide (F.C.) 

Mercaptobenzothiazole 8 
ne 1 
Sulfur 


Cure 40 minutes at 45 lb. per sq. in. steam pressure 


Well vulcanized compounds are desirable. Undercures with bloom make 
reading of cracking difficult. We have used rubber stocks vulcanized in a 
6-inch polished square mold approximately jg inch thick. Before use, these 
slabs are exposed to the air for a few days, which removes the tack, increases the 
sensitivity to ozone, and aids in rendering the initial cracking more easily visible. 

These vulcanized stocks are cut into uniform strips. The size 50 mm. long 
by 8 mm. wide has been found convenient. The rubber samples should be 
stored flat before using, and the wrapping removed immediately after use to 
prevent further action by ozone in the air. For application in the ozone test, 
these strips are folded in the middle and the ends are wrapped with a small 
copper wire at 10 mm. from the open end—forming an oblong loop in which the 
stretch on the rubber varies from zero to approximately 100 per cent (Figure 
1-b). 

A 8 C 


Mubele TEST PIECE AuUBBLA AEADY FOR TEST RUBBER AFTER OZONE ACTION 


S® => 


RUBBER SAMPLE 
UNOER TEST | 
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Fia. 1. 
CONCENTRATION OF OZONE 


Rubber under tension is highly sensitive to ozone. A 2 per cent concentra- 
tion of ozone in air will crack the looped test rubber instantaneously, and will 
break it in two in approximately one second. On our standard test samples, 2 
parts per 100 million concentration of ozone by weight at a flow rate of 1.5 
liters per minute requires approximately 65 minutes to produce initial cracking. 
At a concentration of 26 parts per 100 million, the cracking time is 5 minutes, 
and at 45 parts, 3 minutes. The initial cracking time is, therefore, inversely 
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proportional to the concentration of ozone, and unknown concentrations may 
be calculated after the sensitivity of the rubber has been determined with known 
concentrations. 


RATE OF FLOW OF GAS AND SIZE OF REACTION TUBE 


The cracking effect of ozone on rubber under tension is proportional to the 
amount of ozone contacting the rubber surface. The action is faster in a 
breeze than in still air of the same composition. The same accelerating effect 
is obtained by moving the rubber in the gas. When arubber sample is attached 
to the blade of a rotating fan, the cracking action of the air increases with the 
speed of the fan. 

The capacity of the ozonator is a limiting factor on the rate of flow, and the 
flow should be kept constant in standardizing the rubber sample. In low ozone 
concentrations, such as air, more rapid flow may be used. We have used rates 
of 1.5 to 3.0 liters per minute, depending on the concentration of ozone to be 
measured. 

With a given rate of flow, the cross-section of the tube in which the sample 
is mounted influences the velocity of the flow over the sample, the amount of 
ozone contacting the sample being greater in tubes of smaller diameter. This 
factor is eliminated if a definite sized tube is employed for testing. A tube 
(Figure 1-d) of 13 mm. diameter is convenient for moderate concentrations of 
ozone, and a 20-mm. tube for high concentrations. Connections ahead of the 
test sample should have no rubber or cork parts. Tygon tubing over glass, 
end to end, is satisfactory. 

A vacuum pump that maintains a uniform flow of the gas to be tested is 


required. Electric pumps have been found more satisfactory than a water 
type pump, due to the variation in water pressure which often renders the 
pump unable to deliver a constant flow of gas. 

A standardized sensitive flow meter, capable of registering the flow of small 
volumes of gas accurately is required. 


INFLUENCE OF TEMPERATURE, OF SUNLIGHT, AND OF 
HUMIDITY ON THE OZONE CRACKING OF RUBBER 


Our experiments show that the action of ozone on rubber increases with the 
temperature. Sunlight has little influence on the cracking reaction other than 
the indirect effect of elevation of the temperature. Humidity has little in- 
fluence on the rate of cracking. These tests were carried out in the standard 
ozone apparatus in diffused light and direct sunlight, at room and elevated 
temperatures. 

STANDARDIZING THE RUBBER TEST-PIECE 


For a source of ozone, an ultraviolet lamp ozonator is used and the concen- 
tration of the ozone at a standard flow rate is established by neutral potassium 
iodide solution. The ozone output of the lamp can be modified by shielding 
portions of the lamp with opaque coating. The test sample is mounted in the 
flexed form as shown in Figure 1, arranged so that the loop portion is toward 
the flow of gas. Ozone is carried over the sample and the time required for 
initial cracking is noted. The test sample should be mounted so that the tube 
containing it can be readily removed and replaced, permitting preliminary 
examination to be made quickly. The initial cracking point is of fundamental 
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importance in the successful application of the method. The following sug- 
gestions may be of assistance in determining this basic reading. 

When the sample is removed from the testing tube during or after the test, 
it can be examined in the best condition with a glass under a good light source, 
such as a desk lamp, pinching the sample at the loop to make any cracking show 
more plainly. We have used a glass of 4 magnifications. If no cracking is 
visible, the sample can be returned to the tube without disturbing the wrapping. 
It is helpful to flush the bent sample with water before the final reading to re- 
move any dust particles that collect on the surface and interfere with the read- 
ing. Dry and examine. In the final examination, after removing the wire 
wrapping, it will be noted that at the point of action on the bend a dull spot 
appears. This effect is due to a slight crazing of the surface by the ozone, which 
modifies its reflecting action. It will be noted, too, that the margins of the 
test-piece are first affected by the ozone, and have a serrated or notched ap- 
pearance where the rubber has broken at this thinnest point. The next de- 
velopment in the ozone action is the formation of very fine cracks on the body 
of the sample, shown by pinching the sample and examining it carefully with 
the glass. These small cracks grow larger under continued exposure. The 
point where both the serrated margins and the body of the sample at the convex 
portion exhibit beginning cracks is taken as the end point or point of initial 
cracking. Two or three readings should be taken in order to establish as ac- 
curately as possible the point at which definite cracking begins. Since the 
rubber is not stiffened by ozone, compressing the looped portion does not 
exaggerate the cracking. 


ACCURACY OF THE METHOD 


The accuracy of the rubber method of measuring ozone depends especially 


1. Accurate standardization of rubber test-piece and proper control of this 
standard ; 

2. Accurate measurement of gas flow; 

3. Proper interpretation of the time required for initial cracking. 


After some experience, accuracy of +10 per cent can be obtained by this method. 

To illustrate the practical use of the method, some results of tests on the air 
at Pasadena during conditions of heavy smog are outlined in Table I. The 
rapid changes in the ozone content under these conditions can be readily fol- 
lowed by this method. 

In less than one hour the ozone content has increased three-fold, and this 
increase corresponds with observations of typical smog symptoms such as haze, 
eye irritation, and crop damage (discolored leaves and withered plants). These 
phenomena can be duplicated in fumigation rooms by the action of ozone and 
unsaturated hydrocarbons. The concentrations of ozone used in these experi- 
ments are well within the range of those calculated from the rubber cracking 
test. The sudden rise in concentration of the oxidant takes place under in- 
version conditions, when free exchange with the ozone present at higher eleva- 
tions is excluded, and can therefore only be attributed to human activities, 
industrial, automobile, etc., at ground level. 

Experiments on plants have shown that typical smog damage is obtained 
when, instead of ozone, NO» and sunlight in air are used for oxidation of the 
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TABLE I 


Ozone content 
of air as 
calculated from 
rubber cracking 


Parts per 100 
Time ending million by weight 


4 
6 
g* 
9* 


10. 
iM. 4: .m. 10 
12. 34 -m. 17 


* Heavy smog. 


olefins. Under these conditions, rubber shows cracking indistinguishable from 
that caused by ozone. As pointed out in a private communication by O. R. 
Wulf and F. E. Blacet, it is possible that the catalytic effect of the nitrogen 
oxides results in the building up of an appreciable concentration of ozone. The 
dissociation of NO; in the air gives rise to atomic oxygen, which, because of the 
great excess of oxygen, formsozone. After the reoxidation of NO with molecu- 
lar oxygen, the light reaction again produces atomic oxygen. Nitrogen oxides 
function, therefore, as catalysts in the production of ozone. The absence of 
rubber cracking with nitrogen oxides and sunlight in nitrogen atmosphere sup- 
ports this hypothesis. 

No rubber cracking was noticed in the presence of SO: and sunlight. The 
formation of ozone in the oxidation of SO, to SO; under influence of light is, 
therefore, a less likely explanation of the unusually high ozone content in the 
Los Angeles area. 

The strong oxidizing effect of the Los Angeles atmosphere as measured by 
the liberation of iodine from neutral potassium iodide solution has been shown 
to be the summation of the action of oxidizing and reducing substances in the 
air. In smog air, the oxidant, consisting of nitrogen oxides, ozone, and per- 
oxidic oxidation products of organic material, outweighs the reducing action of 
sulfur dioxide. 


SUMMARY 


A convenient rubber cracking test for ozone is described. This method 
serves not only as a rapid, positive means of identifying ozone in complex gas 
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mixtures but also gives close approximation to the quantity present. Applica- 
tion of the method in determining ozone in heavy smog atmosphere is shown. 
The high ozone concentration in these tests is attributed to ozone formation 
under the catalytic action of nitrogen oxides and sunlight. 
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DETERMINATION OF THE STRUCTURE OF RUBBERS 
BY INFRARED SPECTROSCOPY * 


M. P. Burcova anp A. A. KorotrKov 


Zupanov Screntiric Research Puysics Institute, UNIverstry OF LENINGRAD, 
Lentnecrap, USSR 


During the formation of a molecule of synthetic rubber, diolefin hydro- 
carbons can unite at either the end atoms, 1.e., at the free linkages of a monomer 
unit with 1,4-configuration, or at one of the double bonds in a monomer unit 
with 1,2- and 3,4-configurations. 


H.C=CH—CH=CH; diethylene hydrocarbon (butadiene) 
—CH:—CH=CH—CH,— butadiene unit with 1,4-configuration 
—CH,—CH— butadiene unit with 1,2-configuration 


The proportion of the diethylene hydrocarbon units in 1,2- and 1,4-forma- 
tion determines many of the technical properties of the final rubber product. 

Chemical methods used until recently to determine the number of 1,2- 
structural units and 1,4-structural units are not only difficult, but also are 
insufficiently accurate. 

On the other hand, the determination of the molecular structure of the 
monomer in a synthetic rubber by infrared spectroscopy does not offer any 
serious difficulties. The C—C region of vibrations (~ 1000 cm was used for 
this purpose!:?. 

In this work, the C—H vibration band in the —=CH, and —CH.— groups 
was used to analyze butadiene rubbers for the number of 1,2-type and 1,4-type 
of configurations which they contained. The spectral region in which these 
groups are located is much more useful in such experimental work than is the 
C—C region of vibration. 

The proportion of 1,2-type and 1,4-type of compounds was determined by 
the number of side vinyl groups, —CH=CHz, and by the number of methylene 
groups —CH,—, according to the following relations: 


N.cu:=1,2 (1) 
and 
N_-cH,-=", 2+ 271, 4 (2) 


where ;,2 and m;,, are the relative quantities of elemental 1,2- and 1,4-units in 
1 gram-molecule of the original monomer. N cy, and N_cu,- denote the 
ratios of the number of corresponding groups to the total number of elemental 
units in 1 gram-molecule of the initial monomer. 


* Translated for Rusper CHEMISTRY AND TECHNOLOGY by Alan Davis from the Reports of the Academy 
of Sciences (USSR), Physics Series, Vol. 14, No. 4, pages 452-457 (1950). 
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The ranges are: 
0 < Ncw: < 1 and 1 < N_-cH;- < 2. 


It is necessary that the frequency and intensity used in such quantitative 
analysis be sufficiently characteristic and that the neighboring bands which 
correspond to the frequencies of other groups present in the given compound 
do not interfere. 


In choosing a suitable spectral region, we measured the absorption spectra 
of the individual compounds and of the rubber for the fundamental band of the 
C—H vibration and for the first harmonic. The spectra for the rubbers are 
shown in Figures 1 and 2. The absorption coefficients for 1 em. of carbon 
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Fig. 1.—Absorption spectrum of a solution of rubber in carbon tetrachloride (fundamental tone). 
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Fie. 2.—Absorption spectrum of a solution of rubber in carbon tetrachloride (first overtone). 
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tetrachloride solution of 0.01 g.-cc.—! concentration are plotted on the ordinate 
axis according to the Lambert-Beer law: 


Fs os Ipe~* 4 (3) 
and 

1 Io . 
K= aq ; (3’) 
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where J» and J are the intensities of the radiation which impinges and passes 
through an absorbing layer of the substance of thickness d and concentration 
C, and K is the absorption coefficient. 

The absorption spectra in the fundamental band were measured with a 
Perkin-Elmer spectrometer having a lithium fluoride prism, through a spectral 
aperture about 9 cm.~! wide.. The spectra in the first harmonic were measured 
with a monochromator in which a diffraction grating filter was used. The 
linear scattering was 42 A mm.~'. The experiment was conducted with an 
aperture of 7.5cm.~'. A lead sulfide photoelement attached to an alternating- 
current amplifier served as detector of the radiation. The light rays were 


TABLE 1 


PosITION OF THE VIBRATION BANDS OF THE —CH,; AND —CH:— Groups 
IN THE ABSORPTION SPECTRA OF VARIOUS COMPOUNDS 


Fundamental First 
ne overtone 


| 


Constitution 


—CH:—»(a) 


Biallyl H:C=CH—CH:—CH:—CH=CH:? 


S 


H:C—CH: 

Butadiene dimer HC” CH—CH=CH: 
Yy 4 
HC—Cfis 


otis CH; 
Biisobutylene H:C—=C—CH:—C He-C—C H; 
CH; 
Allyl aleohol H:C—CH—CH:0H 
oO 
Methyl metha- H:C=C—C—O—CH; 
crylate 
SH; 
HC= =< 
” CH=CH: 
Yo’ 
HC—C 
Octane H;C—CH:—CH:—CH:—CH:—CH:—CH:—CH; — 2857 29008 — 5686 
Heptane H;sC—CH:—CH:—CH:—CH:—-CH:—-CHs — 2857 2005 — 5688 


Styrene HC 


modulated with a frequency of 300 Hertz units. The measurements were cor- 
rected for scattered radiation. The spectra of individual compounds were 
used to determine the spectrum of the rubber. The positions of. the bands in 
the spectra of some of the substances are given in Table 1. 

From a comparison of the absorption spectra of rubbers with those of the 
individual compounds, it is evident that, to determine the number of =CH, 
and —CH,— groups, it is better to work on the first overtone (6000 cm.~) than 
on the fundamental band (3000 cm.~), because the spectrum of the fundamental 
band is compressed and the bands overlap. In the first harmonic the spectrum 
is more spread out, and the 6114 cm.~! (=CH:) and 5666 cm.~! (—CH:—) 
bands in butadiene rubbers are free from interference. 
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TABLE 2 
RELATIVE INTENSITIES OF —=CH, anp —CH:— Banps 


Fundamental First 
Substance band harmonic 


Biallyl 1.28 2.3 

80 

Butadiene dimer .40 2.0 
75 


0. 

1 

0. 

0.6 2.3 
1 


Diisobutylene 
3 (?) 3.6 


Methyl] methacrylate 


Furthermore, the intensity of the bands of the CH vibrations in an un- 
saturated group, in comparison with the intensity of the bands of the saturated 
groups, are considerably greater for the first harmonic than for the fundamental 
band. This is shown in Table 2, where the relative intensities of the —CH, 
and —CH,;— bands are given for the fundamental band and for the first 
harmonic (the experimental data given in Table 2 show a somewhat different 
relationship between the dipolar moment and the distance between the carbon 
and hydrogen atoms for these vibrations in the single and double bonds). 

The data above show definitely that the analysis of the unsaturated vinyl 
group is better made at the first harmonic of the CH vibrations (6114 cm.~). 

The =CH group cannot be analyzed at the first harmonic because of inter- 
ference on this band by the combined frequencies of other groups. 

The spectral region of the first harmonic of the C—H vibrations is more 
suitable for analysis than the region of greater wave length, since work in the 
former can be carried on with glass apparatus. The thickness of the samples 
investigated at 1 per cent concentration in this region was 5 cm. 

The quantitative analyses of the rubbers in this experiment were made with 
the absorption bands 6114 and 5666 cm.', which represent the vinyl and 
methylene groups. 

To convert the relative number of bonds to an absolute basis, the intensity 
of the absorption for one bond was calculated. This was calculated from the 
biallyl absorption spectrum (CH.=CH—CH,—CH,;—CH=CH)), in which 
the —=CH, and —CH,— form structural units, as in butadiene rubbers. The 
biallyl spectrum is shown in Figures 3 and 4. 

The effect of ring formation on the intensity of the CH, absorption band 
is shown in Table 3, where the absorption coefficients for one ==CH, bond in 
one gram-molecule of different compounds dissolved in 100 cc. of carbon 
tetrachloride are listed. 
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Fia. 3.—Absorption spectrum of a solution of bially) (HxC: CHCH:CH:CH2:CHs) in 
carbon tetrachloride (fundamental tone). 
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Fie. 4.—Absorption spectrum of a solution of biallyl (H2C: CHCH:CH:CH:2:CHz) in 
carbon tetrachloride (first overtone). 
































The number of vinyl and methylene groups in one gram-molecule represent- 
ing one unit in the rubber was measured by means of the following formula: 


(4) 


K rubber mn 


N. =. 
ore K standard M 
where Kyubber is the absorption coefficient of the rubber solution, calculated to 
0.01 g.-cc.'cm.~, Ketandara is the absorption coefficient of the biallyl solution, 
calculated to 0.01 g.-cc.! cm., m is the molecular weight of a monomer unit 
in the rubber (the molecular weight of the butadiene), M is the molecular weight 
of the biallyl, n is the number of groups of the given type in one gram-molecule 
of biallyl, and N.cu, is the number of CH, groups in one gram-molecule of 
the elemental unit in the rubber. 
TABLE 3 
Errect oF RinG FoRMATION ON THE INTENSITY OF THE 
=CH, ApsorpTion BAanD 


Value of K for 
one =CH: per 
Compound gram-molecule 


Biallyl 6.3 
Butadiene dimer 6.2 
Biisobutylene 6.06 
Styrene 6.03 


With this method we analyzed a series of about one hundred butadiene 
rubbers for the number of 1,2-type and 1,4-type of structural units. The 
values obtained (m2 + m_4) X 100 differed slightly from 100 per cent., 7.e., 
by 5-6 per cent. The relative accuracy of the measurements of the number of 
groups was 1-2 per cent. 

With the apparatus in proper adjustment, the experiment required thirty 
minutes, and the measurement of the coefficient of absorption ten to fifteen 
minutes. 

For verification, we analyzed rubber sample No. 275, using the fundamental 
band for C--H corresponding to the =CH: group (3075 cm.~'). Biallyl also 
served as a calibration standard. The graphs were corrected for interference 
from the adjacent bands. The results were: 

ni,2 ni4 z 


az 
First overtone 57.5% 39.7% 97.2% 2.8% 
Fundamental tone 59% _ — ir 
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TABLE 4 


COMPARISON OF MEASUREMENTS OF VINYL Group CONTENT BY 
INFRARED SPECTROSCOPY AND BY OZONOLYSIS 


Percentage of butadiene units 
A. 





oan — 
Sample By infrared : 
no. spectroscopy By ozonolysis 


100 42.5 44.5 
200 37.2 35.5 


From this table it is evident that the experiment on the first harmonic gives 
a more nearly complete and accurate analysis. 

The results of the measurement of the vinyl-group content by infrared 
spectroscopy, shown above, correspond closely with the results obtained by 
ozonolysis, which require three to four days to complete (see Table 4). 

The method of measuring the content of CH: and —CH:—groups elabo- 
rated here also serves to measure the content of 1,2-bonds and 3,4-bonds in 
isoprene rubbers. 

The content of butadiene units in the 1,2-structure and 1,4-structure in 
copolymers of butadiene and styrene can be measured by this method. The 
absorption spectra of isoprene and butadiene-styrene rubbers at the first 
harmonic are given in Figures 5 and 6. 
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Fia. 5.—Absorption spectrum of a solution of isoprene rubber in 
carbon tetrachloride (first overtone). 
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MOLECULAR AGGREGATION IN AMORPHOUS 
POLYMERS * 


V. I. KASATOCHKIN AND V. V. LUKIN 


We have already established the existence of two types of packing of the 
links of neighboring molecular chains in amorphous rubber'. The association 
of the links whose packing is characterized by a relatively dense distribution, 
similar to the packing of the molecules in low-molecular liquids, constitutes the 
liquid phase of amorphous rubber. In an z-ray diffraction diagram, this phase 
of the rubber shows an outer interference maximum caused by the intermolecu- 
lar interference of the z-ray radiation which is coherently scattered by the ad- 
jacent links and corresponds to the average intermolecular spacing. 

Another phase of amorphous rubber, formed by the association of the seg- 
ments of adjacent molecular chains, of quite disordered distribution, was called 
the gaseous phase. The links of the molecular chains which make up this 
phase of the rubber, because of their irregular distribution, scatter z-rays and 
show no intermolecular interference effect, so the scattering is like that in 
molecular gases. 

The dense background usually observed in diffraction diagrams of rubber, 
the intensity of which increases in the region of small scattering angles, can be 
explained by the effect of the independent scattering of the disordered links of 
the molecular chains of the rubber. It has the nature of scattering by a gas. 
The presence of such a type of molecularly disordered gaseous component is a 
peculiarity of the aggregation of molecules in amorphous high-molecular sub- 
stances. Its existence is shown by the z-ray diffraction diagrams of amorphous 
high-molecular substances, in which, in the absence of low-molecular liquids, a 
background of independent scattering is always observed, besides the outer 
interference maximum which corresponds to the intermolecular spacing. The 
intensity J of the scattered (monochromatic) z-rays at any angle is, according 
to the theories developed, determined by the sum of the scattering intensities of 
the gaseous (J,) and liquid (J;) phases of the amorphous substance. 


T=I,+11 





Scattering intensity 





Angle of scattering 


Fre. 1.—Angular distribution of scattering intensity of x-rays in amorphous polymers. Curve 1— 
Scattering by polymers. Curve 2—Scattering by liquids. Curve 3—Scattering by gases. 
* Translated for RusBpeR CHEMISTRY AND TECHNOLOGY by Alan Davis from the Reports of the Academ 
of Sciences, USSR, Vol. 77, No. 1, pages 81-84, 1951. 4 Seuipde ponies: 
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Angle of scatteri ng 


Fig. 2.—Curves of intensity for rubber at different temperatures. 
Curve 1—120°C. Curve 2—809°C. Curve 3—20°C. 

The characteristic curve of the angular distribution of the scattering inten- 
sity of z-rays by an amorphous substance (Curve 1) is shown in Figure 1. It 
can be considered the sum of the liquid scattering, which is characterized by a 
fall of intensity down to zero in the region of small scattering angles (Curve 2), 
and the gas scattering, which gives a steady increase of intensity at small angles 
(Curve 3). 

The fixed intensity for any small scattering angle beyond the limits of the 
interference maximum can serve as a quantitative measure of the degree of 
molecular disorder; in other words, of the gaseous phase of the amorphous 
substance. 

The changes of the z-ray diffraction diagram of rubber as a function of the 
temperature, studied here, corroborate our interpretation of the z-ray scattering 
and indicate the existence of definite transition temperatures for molecular ag- 
gregation in amorphous polymers. 

In Figure 2 the curves of scattering intensity of a filtered beam of z-rays 
from a copper target for natural rubber at temperatures of 20° ,80°, and 120° C 
are shown. Three z-ray diagrams of each specimen were taken in a special 
camera with a standard substance as a control of the temperature effect of 
scattering; first at room temperature, then at an elevated temperature, and then 
again at room temperature. The small variations observed when the rubber 
specimens were exposed in an z-ray camera after being heated in air are the 
result of oxidation of the rubber by molecular oxygen and are reflected in the 
somewhat increased interference maximum. 

A comparison of the intensity curves shows that an increase of the tempera- 
ture of the rubber sharply increases the intensity of the background, especially 
in the region of small angles, while the intensity of the interference maximum 
decreases. 

The similarity between the temperature curve of x-rays scattering in rubber 
observed here and the change of scattering in low-molecular liquids in the tem- 
perature region above and below the critical point? and also in condensed gases 
in relation to the pressure’ is striking. 
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The temperature curve of z-ray diffraction for diethyl ether studied by 
Noll? is shown in Figure 2. 

When ether is heated above the critical temperature, the interference maxi- 
mum gradually disappears and the curve of z-ray scattering intensity increases 
monotomically at small angles; showing the characteristic pattern of scattering 
by gases. A similar increase of background intensity and decrease of intensity 
of the interference maximum for rubber at increased temperatures both reflect 
an increased molecular disorder of the gaseous phase of amorphous rubber. 
Only for the given case of completely disordered distribution of the links of 
adjacent molecular chains and disordering in the chains, which is responsible 
for their free rotation, would the z-ray scattering show the absence of an outer 
interference maximum and be similar to scattering by a gas. 

If F represents the structural amplitude factor of scattering by the individual 
links of the molecular chains, measured by the interference of the radiation 
coherently scattered by the atoms of a link, and N, represents the number of 
links comprising the gaseous phase, then the intensity of independent scattering 
by the gaseous phase of the amorphous polymer is expressed thus: 


I, = PN,F? (1) 


2 
where P = thee is the polarization factor of the z-rays, and 2 is the 
scattering angle. 

The scattering intensity from the liquid phase of the amorphous polymer, 
measured by the interference of the x-rays coherently scattered by the links of 
the neighboring molecular chains which are closely associated can be expressed, 
according to the theory of scattering by liquids‘, as follows: 


I, = PN,F? E et f 4erto(1 — W) —— ar| (2) 
0 


sr 


Scattering intensity 








Angle of scattering 


Fra. 3.—Curves of intensity for ether at different temperatures. Curve 1—210°C. 
Curve 2—185°C. Curve 3—105°C, Curve 4—25°C, 
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Here N;, is the number of links comprising the liquid, W is the probability of 
ie : 4rsind . . 
adjacent distribution of the links, s = “= , A is the wave length of the 
x-rays, 42r*pdr is the mass of the spherical shell of thickness dr located at dis- 
tance r from any given link, and p is the mean density of the substance. 
A general equation for the scattering intensity of x-rays in amorphous 
polymers can be represented in the following form: 


I=1,+h= p [vr ~ va fo 4n%p(1 — W) = = ar] (3) 


where N is the total number of scattering links of the molecular chains. 

In the case of completely disordered distribution of the links of the molecular 
chains, the probability of all the possible distributions is the same, W = 1, and 
the intensity is measured as: 

I = PNF* (4) 


For large scattering angles the integral in the general equation of intensity 
rapidly approaches zero, and the intensity too becomes equal to the scattering 
intensity of the completely disordered gaseous state of the polymer, which is 
measured according to Equation 4. 

For small angles, this integral approximates unity, and the intensity of the 
liquid phase of scattering returns to zero, J; = 0. 

The total intensity is determined by the scattering of only the gaseous phase 
of an amorphous polymer: 


I = PF(N — N;) = PN,F* = I, 


The natural obstacles to the dense packing of all the links of adjacent molec- 
ular chains are the cause of the peculiar molecular aggregation in amorphous 
polymers. The same obstacles to the packing of large molecules are likewise 
the cause of incomplete crystallization of these polymers. z-Ray analysis 
shows that a crystalline polymer usually is a mixture of amorphous and crystal- 
line phases. 

It follows that the physical-mechanical properties, e.g., for example elastic- 
ity, modulus, etc., as well as a number of other properties of high-molecular 
substances, which depend upon the nature of their molecular aggregation, for 
example, density, gas permeability, chemical reactivity, etc., are determined 
essentially by the proportion of gaseous and liquid phases of the amorphous 
polymer. This proportion, as has already been shown!, varies for different 
polymers, does not remain constant for a single substance, and depends both 
on external factors and on the previous history of the polymer. 
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VOLUME CHANGES IN THE STRETCHING OF 
VULCANIZED NATURAL RUBBER * 


GEOFFREY GEE, JAN STERN AND L. R. G. TRELOAR 


British RusserR Propucers’ Researcu Association, Wetwyn GARDEN City, 
HERTFORDSHIRE, ENGLAND 


The significance of the problem.—Previous studies! of the volume changes 
which accompany the extension of vulcanized natural rubber have shown that, 
using a compound as free as possible from mineral fillers, an elongation of at 
least 200 per cent can be attained without the volume changing by more than 
0.2 per cent. At higher elongations, the volume diminishes, a phenomenon 
which can be quantitatively associated with the onset of crystallization'. 
There are, however, strong theoretical and indirect experimental reasons for 
believing that smaller extensions must be accompanied by finite though small 
expansions. The magnitude of these has been predicted*, and in this paper 
their existence is confirmed by quantitative measurement. 

The argument which led to the prediction of these expansions is of a very 
general nature, and depends essentially on the possibility of resolving the tensile 
force into shear stresses and a hydrostatic tension. It is this latter which 
causes the material to expand, and this must happen for any isotropic material. 
If f is the force needed to elongate the material from J) to 1 and K its compressi- 
bility, the volume expansion AY is given by?: 


l 
av = 4K 1(%) -dl (1) 
lo PT 


This equation applies as long as the material remains isotropic, and is therefore 
probably not seriously incorrect for the materials and elongations (<100%) 
used in our experiments. By determining the stress-strain curve of the rubber 
and making use of its known compressibility, Equation (1) enables us to calcu- 
late the expansion to be anticipated. 

Previous indications that this analysis is correct rest on the further argu- 
ment that the whole of the increase in internal energy observed in the stretching 
of such a rubber arises from the expansion, the internal energy being assumed to 
depend (at constant temperature) only on the volume, and not on the deforma- 
tion. The most careful experimental studies of the thermodynamic properties 
of stretched rubber* support this argument, and lead to two conclusions: (1) 
that vulcanized natural rubber stretched at constant volume would not change 
its internal energy, and (2) that the internal energy changes observed on elonga- 
tion at constant pressure are those calculated from the volume changes given 
by Equation (1). Additional confirmation comes from Meyer and van der 
Wyk’s demonstration‘ that rubber can be sheared without changes of internal 
energy, the result to be anticipated from the fact that a shear, having no hydro- 
static component, produces no volume change in an isotropic body. 


* Rggrintet from the Transactions of the Faraday Society, Vol. 46, No. 12, pages 1101-1106, December 


1950. T 


e present address of L. R. G. Treloar is The Royal Institution, Albermarle St., London, W. 1, 
England. 
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EXPERIMENTAL 


For the measurement of volume changes of the magnitude expected, 1.e., 
of the order of one part in 10,000, the dilatometric method of Holt and Mc- 
Pherson! did not appear to be sufficiently sensitive. In the present investiga- 
tion the method of hydrostatic weighing was adopted. The rubber was 
weighed immersed in water, first in the unstrained state, and then while 
stretched on a suitable frame. To obtain the necessary precision, it was de- 
sirable to use as large a volume of rubber as possible, but the increase of volume 
beyond a certain point involved slow attainment of thermal equilibrium and 
also necessitated an undesirably bulky supporting frame to withstand the high 
tensile stresses. A compromise was effected by using 8 separate ring specimens 
cut from a single vulcanized sheet, mounted in parallel on the frame and having 
a total volume of about 6 cc. Weighings could be made to 0.1 mg., which, 
therefore, corresponded to 1 part in 60,000 in volume. The first experiments 
were made on a pure gum vulcanizate of the type used in an earlier investigation 
by Gee®. This was found to give volume changes higher by about 100 per cent 
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Fra. 1.—The stretching frame; (a) elevation, (b) plan. 
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than the theory would require. This compound contained 2 per cent of zinc 
oxide, and it seemed not unlikely that the excessive volume changes might have 
been associated with this factor, since it is well known (Jones and Yiengst') 
that the extension of rubbers containing inert fillers gives rise to a relatively 
large increase in volume, usually attributed to the formation of vacuoles around 
the filler particles. Further experiments showed that the magnitude of the 
volume changes depend markedly on the zine oxide content. Since satisfactory 
vulcanizates of this type could not be made without zine oxide, attention was 
given to an alternative method of cross-linking which did not require the intro- 
duction of solid ingredients. In this method best quality pale crepe was cross- 
liked by means of di-tert-butyl peroxide, using a technique described elsewhere®. 
Two such compounds were investigated. Their degrees of cross-linking, or 
chain molecular weights (M.) as determined by swelling in benzene and applica- 
tion of the Flory formula’ with uw = 0.39; were 4900 and 9500, respectively. 
Their density at 20° C was 0.920 g.-cm.~. 

The volume measurements.—The frame upon which the rings were stretched 
is shown in Figure 1. The rings R of internal and external diameters approxi- 
mately 3.8 and 4.2 cm., respectively, were mounted on 8 short brass rods of 
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diameter } inch. The 4 outer ones A were fixed; the others B could be posi- 
tioned against one or other of a number of suitably spaced stops C, thus giving 
a succession of extensions. These rods were held in place by the rubber and 
could be simply removed by hand when required. The frame was suspended 
by means of 42 s.w.g. Eureka wire from the arm of an automatic analytical 
balance. The water temperature was about 22° C. This was not controlled 
thermostatically, but differed only slightly from the temperature of the room, 
which was well screened from temperature fluctuations and draughts. To 
facilitate wetting a few drops of a detergent (Lissapol-N) were added to the 
water. 
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Fie. 2.—Volume changes on extension for two rubber samples: (2) Me = 4900; 
(b) Me = 9500 (curves theoretical). 

















The procedure adopted for the measurements was as follows. After im- 
mersion of the frame, with the specimens attached but not stretched, in the 
water bath, about 15 minutes was allowed for thermal equilibrium to be estab- 
lished before recording the weight. The rings were then quickly stretched to 
the lowest extension, and after a few minutes the weight was again taken. 
Finally the rings were relaxed and the weight again determined. For the un- 
strained weight, the mean of the initial and final readings was taken. The 
process was repeated for the same strain, and, in all, at least six but usually 
eight readings of the required change in weight were taken; from these the 
average values of volume change for this strain were derived. During the time 
taken for a set of readings, there was no appreciable change in the temperature 
of the water bath. The series of readings was then repeated at the higher ex- 
tensions using the same rubber samples. 
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The results for the two differently cross-linked rubbers are represented in 
Figure 2 in terms of the relative volume change AV/V as a function of the 
extension ratio a(= l/l). The extension ratios were calculated on the internal 
diameter of the rings. 

The tensile measurements.—The force-elongation curves were measured on 
two of the rings actually used for the determination of the volume changes. 
The length was measured to 0.5 mm. by means of a scale, and the tensions 
derived from the deformation of a calibrated flat steel spring. The rings were 
supported on brass rods of the same diameter as those fitted to the frame. The 
data obtained are shown in Figure 3. There was a slight difference between 
figures for increasing and decreasing strain, especially for the lower modulus 
rubber, but this was never greater than 3 percent. The curves shown represent 
the mean values. 

The calculation of the values of the integral in Equation (1) was carried 
out graphically using a figure of 5.3 X 10-° bars for the compressibility®. 
The theoretical volume-change curves thus derived are shown in Figure 2. 
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Fic. 3.—Force-elongation —, for the two rubber samples: (a) Me = 4900; 


Me =9 


There was some uncertainty with regard to the effective extension ratio for 
the rings, and the calculation of this quantity with reference to the internal 
diameter of the rings was arbitrary. However, since the same rings and the 
same method of holding were used in both the volume-change and tensile ex- 
periments, any error thus introduced would have had no effect on the relative 
values of the theoretical and experimental volume changes at a given extension 
ratio. In any case the accuracy of the tensile data is so much higher than that 
of the volume change data, that effects of this order may be neglected. 

In view of the smallness of the volume change encountered, it is inevitable 
that the experimental errors in its measurement should be relatively large, 
probably in the neighborhood of 10-20 per cent. To this degree of accuracy the 
data are in agreement with the calculated curves over the range of extension 
covered, i.e., up to 100 per cent extension. 


DISCUSSION 


The evidence presented in this paper substantiates the interpretation put 
forward by Gee* and by Meyer and van der Wyk‘ to explain the internal energy 
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and entropy changes which occur on stretching rubber. The conclusion to be 
drawn is that two distinct mechanisms are involved in the deformation: (1) a 
deformation of the molecular network, without change of volume, giving a 
negative entropy without change of internal energy for all extensions, in accord- 
ance with the basic assumptions of the statistical theory, and (2) a bulk ex- 
pansion against intermolecular forces, due to the hydrostatic component of the 
applied stress, and giving rise to an increase of internal energy, with a corre- 
sponding increase of entropy. It should be repeated that the existence of the 
second mechanism, leading to an increase of volume, can be inferred from the 
fact that the material is compressible and initially isotropic; that it should have 
been overlooked in some earlier thermodynamic studies is perhaps not surpris- 
ing in view of the smallness of the volume changes in question. What is sur- 
prising at first sight is that such relatively minute changes in volume should give 
rise to important internal energy and entropy changes. 

It should be noted, however, that the contribution of the volume-change 
mechanism to the total stress or free energy of deformation is negligible, as 
may be seen from at least two independent arguments. (1) It has already 
been shown mathematically? that if a rubber, after extension at constant pres- 
sure, is compressed at fixed length to its original unstrained volume, the tension 
remains practically unchanged. This means that the force-extension relation 
is essentially unaffected by the existence of the volume-change mechanism. 
(2) The work done by the applied tensile stress may be analyzed into two com- 
ponents, (a) the work done by the hydrostatic component of the stress in pro- 
ducing the change of volume, and (b) the work done by the shear stresses in 
producing the change of shape. Of these, it may be shown that in a typical 
case (a) is very small compared with (6). The effective hydrostatic tension is 
numerically equal to one-third of the tensile stress*. For one of the rubbers 
examined, the hydrostatic tension at 50 per cent elongation was about 2.5 kg. 
per sq. cm. and the corresponding expansion AV/V was 1.25 X 10~, giving a 
contribution to the work (assuming AV proportional to P) of 1.5 X 10~* kg. 

l 


em. per cc. of rubber. The total work done by the applied force is f-di, 
: Io 
which for an extension of 50 per cent was ~ 1.5 kg.-cm. This is about 10,000 
times that due to the volume-change mechanism (a). It follows, therefore, 
that the latter makes no significant contribution to the total elastic stress. 

This result may be regarded as a direct consequence, of the fact that the 
bulk modulus of a rubber is higher than the Young’s modulus by a factor 
of 10‘. The dimensional changes associated with the hydrostatic tension are 
therefore smaller, by a factor of this order, than the total dimensional changes 
accompanying the tensile stress. (Contrast the behavior of a “hard” solid, 
for which the two moduli are of comparable magnitude.) 

From these arguments it must be concluded that the existence of an internal 
energy change on deformation does not necessarily imply that the mechanism 
with which the internal energy change is associated makes a significant contri- 
bution either to the elastic stress or to the elastic deformation. 

The comparatively large internal energy changes found in the early stages 
of the extension of rubber may be regarded as arising from the expansion of the 
material against the internal pressure, which for natural rubber is about 4000 
kg. persq.cm. It, instead of a tensile stress, one applies a unidirectional com- 
pressive stress, the volume is reduced, and the sign of the internal energy change 
is reversed. The network entropy change is, of course, still negative. The 
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total entropy change is, therefore, negative for all values of compression; in 
particular the thermoelastic inversion phenomenon, observed on extension’, 
whereby the stress-temperature coefficient and the entropy of deformation 
change sign (at about 10 per cent extension) does not appear. In shear also this 
effect is absent, but in this type of strain there is no volume change, and con- 
sequently no internal energy change. 

It follows, therefore, that the changes in internal energy and entropy which 
accompany the elastic deformation of any material do not necessarily yield 
direct information regarding the mechanism of deformation, but must be inter- 
preted with considerable caution and in the light of all the relevant facts. The 
analysis discussed in this paper appears to account in a natural way for the phe- 
nomena exhibited by amorphous rubber subjected to relatively small strains. 
It is, however, only valid for isotropic materials, and cannot therefore be applied 
to highly extended rubber, in which the anisotropy due directly to the strain 
may be enhanced by crystallization. In this region the evidence of Wood and 
Roth! indicates that the negative internal energy and entropy changes due to 
crystallization completely obscure the primary effects due to the elastic net- 
work. Similar or even greater difficulties may arise in the investigation of 
highly-oriented crystalline fibers, such as wool", hair", Nylon", and cellulosic 
materials", for which attempts have been made to interpret the thermoelastic 
phenomena. If, as often happens, the fiber is hygroscopic, there is the added 
difficulty, to which Woods" has drawn attention, that the water absorption 
may be a function not only of the temperature but also of the stress. 


SUMMARY 


Measurements are presented of the volume changes accompanying small 
(> 100%) elongations of vulcanized natural rubber completely free from un- 
dissolved particles. The small expansions found agree with those calculated 
from the known compressibility of rubber and the hydrostatic component of the 
stretching force. It is pointed out that this volume change mechanism applies 
generally to any isotropic material, and does not contribute significantly (in 
rubber) to the tensile stress. 
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HEATS OF SOLUTION AND SWELLING OF SOME 
SYNTHETIC HIGH-MOLECULAR COMPOUNDS * 


A. TAGER AND V. SANATINA 


A. M. Gorxy Urat State University, USSR 


Application of the laws of thermodynamics to the study of solutions of high- 
polymeric substances has proved very successful and has permitted a more 
penetrating study of the processes of solution and of swelling. A thermo- 
dynamic investigation of these processes has shown that the change of entropy 
in the system plays an important role in the solution of polymers, and it has been 
shown experimentally that the solution of polymers is accompanied by an in- 
crease of entropy which is hundreds of times as great as the ideal entropy of the 
system!. Theoretical calculations of the entropy of the system during solution 
of polymers confirms the experimental data’. 

In view of the observed sharp increase of the entropy of the system, it must 
be concluded that polymers mix with low-molecular liquids chiefly by diffusion, 
and. this results in a highly irregular distribution of the molecules of the high- 
molecular and low-molecular components of the solution. The presence of 
strong forces of attraction between the macromolecules of the polymer and the 
molecules of the low-molecular liquid must cause a preferential distribution of 
the molecules in the system and, consequently, a small increase of entropy. In 
the solution phase, the chains can not be distributed in more different ways than 
in the polymer phase itself. Despite the large forces of attraction between the 
polymer chains and the molecules of the solvent, diffusion of the chains in the 
solution either does not take place at all or comes toa stop. Therefore one can 
expect that the exothermic swelling of polymers must be limited; in fact, in 
most cases this limited swelling is accompanied by a considerable evolution of 
heat. 

To determine why polymers are mutually soluble or insoluble, i.e., the 
reasons why they are compatible or incompatible, it is necessary to calculate 
the thermodynamic functions of the components and their changes during 
solution. It is often very important to know the change of heat content of a 
system during swelling and solution, since the change of heat content indicates 
a change of intermolecular activity. 

The change of the heat content of the system during solution is the integral 
heat of solution, measured with a calorimeter at constant pressure. The experi- 
mental measurement of this parameter for solutions of high polymers is a diffi- 
cult task, since the processes of swelling and solution continue for a long time. 
For this reason most investigators have used various theoretical equations for 
calculating the values of AH. 

In the present work the integral heats of solution of several synthetic 
polymers, measured experimentally, are reported. 


* Translated for Russper CHEMISTRY AND TECHNOLOGY by Alan Davis from the Colloid Journal (USSR), 
Vol. 7, No. 6, pages 474-477 (1950). 
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EXPERIMENTAL PART 


In determining heats of solution, a cylindrical Dewar flask, which served as 
an ordinary calorimeter, was used. The calorimeter was placed in a water 
thermostat, the temperature of which was mechanically kept constant in each 
experiment. All the measurements were made in the temperature range of 
24-26° C. The experimental method is not described here, since it has been 
explained in detail in earlier publications’. The following synthetic polymers 
were investigated: butadiene rubber, butadiene-styrene rubber, polystryene, 
butadiene-acrylonitrile rubber, polychloroprene, and polyisobutylene. 

It should be noted that in every case where the heat effects of the solutions 
were studied, no relation between the concentration and the integral heat of 
solution was observed. This is shown by the data in Table 1. 


TABLE 1 


Heats or SoLuTion oF POLYMERS IN BENZENE 


Calori- 
Con- metric 
centra- heat 
Weight of _ tion of (cal. Q 
polymer polymer per Q (cal. 
(g.) (%) degree) 4T (cal.) per g.) 
Butadiene rubber 3.2212 1.61 114 —0.045 —5.13 — 1.59 
3.7014 0.93 204 —0.024 — 4.90 —1.32 
0.4390 a 128 —0.005 —0.64 — 1.46 


Butadiene rubber 15.3738 = 3. 183 —0.028 —5.12 —0.33 
(Buna-S) 10.7748 ; 199 —0.021 —4.18 —0.39 


Polystyrene 5.9620 : 98 +0.152 +14.9 +2.49 
1.7126 k 99 +0.043 + 4.3 +2.43 


Butadiene-acrylonitrile 2.3076 R 177 —0.018 —3.18 — 1.38 
rubber (Buna-26) 1.9906 t 206 —0.014 —2.88 —1.44 


Butadiene-acrylonitrile 3.4030 2 173 +0.036 +6.23 +1.83 
rubber (Buna-40) 3.5058 ) 198 +0.027 +5.35 +1.52 


All the values in Table 1 are mean values, obtained from at least two, and 
sometimes more, similar experiments. It follows from these results that, 
within the limits of experimental error, the values of the integral heat of solution 
are constant for concentrations which differ approximately eight-fold. The 
absence of any relation between the concentration and the heat of solution 
proves the liquid structure of all the polymers studied‘. 

The mean values of the heats of solution of synthetic polymers in benzene, 
obtained from the data in Table 1, are given in Table 2. 


TABLE 2 
Heats oF SOLuTION OF POLYMERS IN BENZENE 


Integral heat 
of solution 
(calories 
Polymer per gram) 
Butadiene rubber (Sample No. 1) — 1.46 
Butadiene rubber (Sample No. 2) — 2.57 
Polystyrene +2.46 
Butadiene-styrene rubber — 0.36 
Butadiene-acrylonitrile rubber (Buna-26) —1.39 
Butadiene-acrylonitrile rubber (Buna-40) +1.67 
Polychloroprene —0.12 
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Table 2 shows that both the sign and the magnitude of the heat of solution 
depend on the chemical constitution of the polymer. First of all, the effect of 
the addition of atomic groups differing in polarity from the CH: groups to the 
hydrocarbon chain is evident. Thus the presence of carbon in the side chains 
of the benzene nuclei causes a positive effect (styrene). When the benzene 
nuclei are located on the hydrocarbon chain, a negative heat effect is observed 
(butadiene-styrene copolymer). 

It is interesting to note that in this particular case the heats are additive. 
We investigated Buna rubber composed of 75 per cent styrene and 25 per cent 
butadiene. One gram of this rubber contained 0.75 gram of styrene and 0.25 
gram of butadiene. The heat of one gram of this rubber was calculated from 
the data in Table 2 for polystyrene and butadiene rubber, and the following 
result was obtained: 


—.75 X 1.46 + 0.25 XK 2.46 = — 1.095 + 0.615 = — 0.38 calorie per gram. 


The value obtained is very close to the heat of solution of butadiene-styrene 
rubber calculated from the experimental data, 7.e., —0.36 calorie per gram. 

When a small number of hydrogen atoms is substituted by nitrile groups 
(26 per cent of acrylonitrile), heat is absorbed during solution, and when a large 
number of hydrogen atoms is substituted by nitrile groups (40 per cent of 
acrylonitrile), a positive heat effect is observed during solution. 

The sign of the heat of solution is closely related to the mechanical behavior 
of these polymers. The more elastic polymers, with more flexible chains, 
absorb heat during solution, whereas the less elastic polymers, with chains of 
limited flexibility, evolve heat during solution. 

Despite the presence of C—Cl groups in polychloroprene, their widely 
scattered distribution in the chains does not increase the barrier potential of the 
chain. Consequently the high elastic properties of polychloroprene are pre- 
served. As a polymer possessing flexible chains, polychloroprene dissolves 
with a large negative heat effect. 

Thus we see that heats of solution can provide useful information about the 
structure of polymers. 

Data on two samples of butadiene rubber are given in Table 2. These 
samples were taken from two factory batches, and their technical behavior 
differed greatly. Furthermore, according to the data, Sample No. 2 behaved 
like a material with structure formation. Accordingly it seems that the more 
negative heat effect of Sample No. 2 is a result of the absorption of more heat 
during rupture of the cross-linkages. 

Similar phenomena were observed during the swelling of several types of 
polychloroprene. For example, during the swelling of Neoprene which had 
been aged in our laboratory for about one and one-half years, a very strong 
absorption of heat, that is, about 8.5 calories per gram, was observed. Such a 
large absorption of heat is explained by the consumption of heat during the 
destruction of the crystal lattice formed by crystallization of the Neoprene. 

The value of the heat of solution indicates not only the nature of the poly- 
mer, but also the nature of the solvent. The heats of solution of polyisobutyl- 
ene in four different solvents were measured, and the results are shown in 
Table 3. 

TABLE 3 
IntTeGRAL Heats or SOLUTION OF POLYISOBUTYLENE IN Four SOLVENTS 


Solvent Benzene Toluene n-Heptane Isooctane 


Integral heat of solution 
in calories per gram — 1.62 —0.44 —0.34 0 
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It follows from the data in Table 3 that the nature of the solvent has an in- 
fluence on the integral heat of solution. The polyisobutylene-isooctane system 
is particularly interesting. The isooctane or 2,2,4-trimethyl pentane used as 
solvent has the constitution: 


CH; CH; 


| 
Hsc—C—cHt,—C—cH 

| 

CH; H 


that is, it is a hydrogenated dimer of a polyisobutylene chain. In this case it 
seems that the energy of the reaction between the isobutylene units is equal to 
the energy of the reaction between one polyisobutylene unit with one molecule 
of isooctane’. Hence, from a theoretical viewpoint, polyisobutylene must dis- 
solve in its own dimer with zero heat effect. This is confirmed by the experi- 
mental data. From this it must be concluded that, during solution in isooctane, 
the barrier potential of the polyisobutylene chain does not change. 


CONCLUSIONS 


1. The heat of solution of a high polymer depends on the nature of the 
solvent as well as on the nature of the polymer. 

2. The value and sign of the heat of solution of a polymer are related to the 
structure of the poiymer and its mechanical behavior. For polymers which 
have relatively flexible chains, the heats of solution are negative; for polymers 
which have relatively rigid chains, the heats of solution are positive. 

3. The value and sign of the heat of solution indicate to a certain degree the 


change of the barrier potential of the polymer chain in any given solvent. 
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TERTIARY ALKOXY RADICALS IN 
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The efficiency of tert.-butoxy radicals in dehydrogenating olefinic and 
paraffinic hydrocarbons, thereby permitting the coupling of the resulting 
radicals, has been demonstrated. The process provides a ready means for 
cross-linking carbon chains by carbon-to-carbon bonds; moreover, by repetition 
of the process in long chains, an increasing degree of cross-linking can be ob- 
tained. It is of considerable practical interest to observe the effect on the 
physical properties of long-chain hydrocarbons (and especially of polyisoprenic 
and polybutadienic rubbers) of increasing gradually the proportion of carbon- 
carbon cross-links per molecule for ultimate comparison with corresponding 
effects in the sulfur-bridge cross-linking of the same chains, which, so far as is 
known, is mainly of substitutive-additive type, the bridges containing 1-6 
sulfur atoms. The present account deals principally with the cross-linking of 
natural rubber molecules by radicals, but briefly reports also a series of prelim- 
inary experiments carried out with short-chain olefins (‘“‘model’ rubber 
molecules) containing 1,4-isoprene units. For comparison with rubber, it was 
desirable to have all the isoprene units of the model molecules of the unmodified 


a@ 8 Y 6 

rubber-type, —CH:;—CMe=CH—CH.—,, which, because of the primary char- 
acter of the methylic C—H bonds, would not be liable to undergo any very 
appreciable degree of attack at other than the two secondary a-methylene 
groups. But obviously this was only partly feasible, since all the terminal 
isoprene units of relatively short-chain polyisoprenes necessarily have their 
outermost a-methylene groups embodied in primary methyl groups, thus 
making the comparison with rubber not quite exact in respect of the distribu- 
tion of radical attack. It is particularly to be noted that the two isoprene units 
of the most readily available model molecule, dihydromyrcene or, better, its 
synthetic counterpart, 2,6-dimethylocta-2,6-diene, which does not contain the 
occasional vinylic isoprene units, CH.: CMe-CH:2-CHz, to which naturally oc- 
curring terpenic chains are liable, each contain only one secondary a-methylene 
group; hence attack on the molecule by radicals, provided that not more than 
one radical per unit is employed, is likely to be almost wholly confined to the 
mid-chain pair of methylene groups. To ensure that every tert.-butoxy radical 
may have a good chance of encountering an unattacked isoprene unit, the 
initial concentration of the former has been restricted to an average of one per 

* Reprinted from the Journal of the Chemical Society, January 1951, pages 142-148. Part I is entitled 
the “Liquid Phase Reaction of the Tertiary Butoxy Radical with Olefins and with Cyclohexane”’, by E. H. 
Farmer, and C. G. Moore, and appears in the January 1951 issue of the Journal of the Chemical Society, pages 


131-141. Part III is entitled “The Reaction of Hydroxyl Radicals with Olefins”, by E. H. Farmer and C. G. 
Moore, and appears in the January 1951 issue of the Journal of the Chemical Society, pages 148-152. 
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two isoprene units in the case of monoisoprenes, and to one per three units in 
that of di- and tetraisoprenes. Hence, the maximum average degree of cross- 
linking which can ensue falls far short of one cross-link emanating from every 
unit of every chain. The monoolefins selected for examination are two disub- 
stituted isoprenes, R-CH.-CMe:CH-CH:;R’, in the first of which the groups 
R and R’ are polarly equal (since they consist of the same system -CH,-CH;-), 
and in the second are polarly unequal, so that the distribution of negative 
activation’ within the isoprenic system may be considered normal in the first 
and somewhat unbalanced in favor of C; in the second. 

The cross-linking of 1-methylcycloherene and of 4-methylhept-3-ene—De- 
hydrogenation of the two secondary a-methylenic groups in 1-methylcyclo- 
hexene can give only the radical forms (I-III), since the amount of attack at 
the methyl! group (as experience in such cases confirms) is likely to be negligible. 


. oe Fs 


(II) (IIT) (IV) 


Of these ae two are resonance forms of the mesomeric radical (IV). By 
coupling the three forms in pairs, a maximum of six structurally different dimers 
becomes possible, and by further coupling of the original and the new radical 
forms, still larger numbers of isomeric trimers and isomeric higher polymers are 
likely to arise. In practice, fractions consisting of dimers (Ci4H22,f2), trimers 
(CoiHs2,f3), tetramers (CosH42,/7), and higher polymers? were readily sepa- 


rated in relative proportions of about 5:2:1:2. The individual isomers con- 
stituting the dimer could not be separated by distillation or by fractionation of 
their tetrahydrides or tetrabromides; and, in view of the rather complicated 
character of the degradative scission products to be expected, no detailed analy- 
sis of structural forms was attempted. 

The polar inequality between the ethyl and methyl groups in 4-methylhept- 
3-ene may be expected to enhance slightly the negative activation at C; (V) 
relative to that in an ordinary rubber unit, in which the flanking alkenylmethyl 
groups, RR’, although different in size and detail, may be considered polarly 
equal. This should cause a somewhat increased degree of substitutivity at Cs, 
and, of course, at the corresponding resonance position Cg. By treatment of 
the olefin with the peroxide, the usual mixture of dimers and higher polymers 
was obtained. The dimer fraction (CisH30,f2) was composed of a mixture of 
hexadecadienes, which was shown by infrared spectrographic examination to 
contain olefinic groupings of the type, RR’C: CHR”, characterizing the original 
olefin and its derived radicals (VI and VIII)’, as well as of a new type, RCH: 
CHR, doubtless resulting from incorporation in the dimers of the resonance 
form (VII). The proportion of the new grouping, as deduced from the relevant 


C 
Et—C,—t'y—C,—Cy—Me 
(V) 
Et—CH:—CMe=CH— CH—Me > Et—CH:—CMe—CH=CH—Me 
(VI) (VII) 
Et—CH—CMe=CH—CH:—Me 
(VIII) 
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extinction coefficient, was computed to be about 15 per cent, which value is at 
least equal to that found for comparable (resonance-sited) Cg-substitution in 
2-methylbut-2-ene*. It was of interest that the recovered monomeric olefin 
gave evidence of containing traces of unsaturation of the type -CH:CH-, which 
must be attributed to hydrogen transfer reactions having occurred, inter alia, 
between the tertiary methylheptenyl radicals (VII) and the original olefin 
molecules: 


CH:Et—CMe—CH=CHMe + CH.:Et—CMe=CH—CH:Me —~> 
CH:Et—CHMe—CH=CHMe + CH:Et—CMe=CH—CHMe 


The cross-linking of 2,6-dimethylocta-2,6-diene and of digeranyl_—The dimers, 
trimers, etc., obtained from the first (diisoprenic) olefin could not be satis- 
factorily separated by distillation, owing to their high boiling point: hence, the 
presence of more than one cross-link connecting a pair of molecules could not 
easily be ascertained. The polymer mixture, when freed from unchanged 
monomer, proved to contain olefinic groupings of the original type, RR’C: 
CHR”, as well as an appreciable proportion of the type R-CH: CHR’, and even 
some of the type RR’C:CH:. This result was to be expected, but the additional 
observation that the polymer mixture showed only 82 per cent of the original 
olefinic unsaturation had not been foreseen. The loss of unsaturation could 
only have been due to partial cyclization, and the appearance of the latter in 
this example must apparently be deemed to result from the carbon chain now 
being of suitable length, unsaturation-pattern, and negative activation at one 
end of the double bond for intramolecular radical-double bond additions to 
succeed, for example: 


CMe:—CH=CH—CH;—CMe=CH -CH; 


10 Mer— Cie CH OB OMe 08 Me. 
! 





The second (tetraisoprenic) olefin H[CH,-CMe:CH-CH,].-[CH::CH: 
CMe-CH;].H contained, in the main, two ordinary isoprenic units (these being 
arranged in tail-to-tail fashion)’, and two possessing only one secondary 
a-methylene group each. In spite of the above-mentioned deficiency of re- 
agent employed (one tert.-butoxy-radical per three units), one-fifth of the olefin 
molecules taken remained unlinked, so that (on average) only about 0.8 cross- 
link per digeranyl molecule could have been formed. In the process, just over 
three-quarters of the digeranyl molecules had become converted into tetra- 
meric aggregates by cross-linking, so within these tetramer molecules most of 
the pairs of digeranyl chains were joined (on average) only by one cross-link, 
although occasional pairs (about 2 per 5 tetramers) were joined by two. Some 
reduction in the original degree of unsaturation occurred in these polymers also, 
and this again must be attributed to the occurrence of a minor degree of additive 
(radical to double bond) cyclization. 

The cross-linking of rubber.—In the case of rubber, with its average of about 
5000 isoprene units per molecule, observations of cross-linking were made at 
100° and at 140° with raw (smooth smoked sheet) and acetone-extracted 
samples, varying proportions of di-tert.-butyl peroxide being used as reagent. 
The specimens became progressively insoluble in benzene and other solvents 
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Tasip I 


Reaction oF Raw RvuBBER WITH DI-TERT.-BUTYL PEROXIDE 
(6 Hours at 140°) 
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and showed mechanical properties and swelling characteristics indicating the 
progressive occurrence of vulcanization. Determination of the equilibrium 
swelling constant® (Q,,) of the vulcanized specimens immediately after their 
preparation permitted an estimate to be made of the average molecular weight 
between junction points (M,) in the cross-linked chains, the latter value being 
inversely proportional to the number of new cross-links formed’. 

The numerical results obtained for the physical characteristics of the cross- 
linked samples are given in Tables I and II. These demonstrate very clearly 
that di-tert.-butyl peroxide is highly effective in producing good rubber vul- 
canizates, and the physical nature of the samples indicates that uniform vul- 
canization has been effected. The values of Q, and M, steadily decrease with 
increasing peroxide concentration, thereby indicating a progressive increase in 
the degree of cross-linking. 

The figure shows the effect of peroxide concentration on the tensile strengths 
of the samples. The two curves show the characteristic features of well de- 
fined maxima, the tensile strengths increasing with increasing amounts of 
peroxide up to a certain critical peroxide concentration, beyond which they fall 
very sharply*. The effect of the removal of nonrubber components (resin 


TaBLe II 
REACTION OF ACETONE-EXTRACTED RUBBER WITH DI-TERT.-—BUTYL PEROXIDE 


Peroxide Reaction Tensile Elonga- 
(g. per conditions strength tion at Modulus (kg. cm.~*) 
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acids, antioxidants, etc.) from the rubber by acetone extraction is to increase the 
maximum attainable tensile strength and also to reduce the peroxide concen- 
tration required to produce this maximum figure. For instance, raw smoked 
sheet requires about 2.9 per cent of peroxide to give a maximum tensile strength 
of 178 kg. cm.~*, whereas acetone-extracted smoked sheet gives a vulcanizate 
with a maximum tensile strength of 206 kg. cm.~* with only 1.45 per cent of 
peroxide. The nonrubber components presumably compete with the polyiso- 
prene chains for interaction with the peroxide, and so diminish the efficiency 
of the peroxide as a cross-linking agent. 

As the peroxide concentration increases beyond a certain optimum value, 
the desirable properties of the vulcanizates (good tensile strength and elasticity) 
deteriorate; and with peroxide concentrations of about 5-16 per cent, the 
samples show a substantial loss of rubberlike properties, displaying brittleness, 
low tensile strength, and negligible elasticity. The results thus demonstrate 
that cross-linking of rubber chains must be restricted within very narrow limits 
to give useful products. 


Cross-linking of rubber at 140° (6 hours) 


Acetone-extracted 
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Di-tert.-butyl peroxide (g./100 g. of rubber). 








The increase in oxygen content of the peroxide-vulcanized samples was only 
very small (0.34—0.355 per cent), as based on direct oxygen determination®, 
for much of the peroxide was converted into a mixture of tert.-butanol and 
acetone: in one rather extreme case investigated [peroxide equal to 48.2 per 
cent (w/w) of the rubber; 6 hours’ heating], these represented (respectively) 
41.1 and 36.6 per cent of the peroxide taken. Thus the major and probably 
the sole olefinic reaction in the peroxide vulcanization of rubber is still dehydro 
cross-linking, producing ultimately a three-dimensional net structure in which 
all the cross-links are C—C bonds. Decomposition of some of the tert.-butoxy- 
radicals to yield acetone simultaneously gives methyl radicals (Me;C—O-— 
Me:CO + Me-), a part of which may dimerize without any cross-linking effect, 
and the remainder participate in the dehydrogenation which precedes cross- 
linking (RH + Me-— MeH + R-; R- + R- — R—R, where R is an iso- 
prene unit of a rubber chain). The likelihood, however, of a portion of the 
dehydrogenating capacity being lost through acetone-formation becomes less 
as the peroxide concentration decreases, and is probably insignificant up to the 
optimum concentration value of the rubber. The scanty incorporation of 
tert.-butoxy radicals in the rubber, as indicated by the low oxygen content, is in 
sharp contrast to the heavy incorporation of the more electrophilic benzoyloxy 
radicals in the corresponding treatment of rubber with dibenzoyl peroxide’®; 
moreover, the contrast corresponds to a notable difference between the two 
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peroxidic reagents, since the extensive and wasteful formation of ester char- 
acterizing the benzoyl] compound has no counterpart (ether formation) in the 
case of the alkyl compound. 

It was attractive to investigate whether, by use of a rather more energetic 
alkoxy radical than the ¢ert.-butyl compound, superior peroxide-vulcanizates 
could be obtained from natural rubber by operating at temperatures well below 
the usual reaction temperature of 140°. To this end the ethoxy radical, de- 
rived by thermal decomposition of diethyl peroxide, was employed. The 
relevant physical properties of the cross-linked rubbers obtained at 140° and 
at about 100° are givenin Table III. These, however, reveal that no advantage 


TABLE III 


REACTION OF ACETONE-EXTRACTED RUBBER WITH DieTHYL PEROXIDE 


Peroxide Reaction Tensile Elonga- 
(g. per conditions strength tion at Modulus (kg. cm.~*) 
100 g. r “~ (kg. brea A ‘ 
of rubber) Hrs. Temp. ‘m em.~?) (%> 300% 500% 700% 
1.2 0 > 90 6.6 
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accrues by using the more reactive but less easily manipulated peroxide. 
Whether or not the cross-linked products obtained by use of the ethoxy radical 
resemble those obtained by use of the tert.-butoxy radical in being almost 
entirely free from combined ethoxy groups remains to be investigated. It is 
possible that ethoxy radicals are sufficiently energetic (unstabilized) to unite 
reasonably rapidly with olefinic radicals and (or) with olefinic double bonds to 
ensure that a substantial degree of wasteful and deleterious ethoxylation of the 


—H- -OEt ee 
vulcanizate occurs: RH— R- — R—OEt; —C=C— + -OEt— —C—C— 
OEt. Also it seems probable that a greater degree of thermal decomposition 
of the ethoxy radical occurs (CH;—CH:;—0O- — CH;- + H—CHO) than is 
the case with the ¢ert.-butoxy radical. 


EXPERIMENTAL 


(Microanalyses by W. T. Chambers, (Miss) E. Farquhar, and (Mrs.) H. 
Hughes. Spectrographic observations by H. P. Koch.) 

Cross-linking of 1-methylcycloherene—The methyleyclohexene (50 g., 0.5 
mol.; b. p. 109-110°/760 mm., ni?-* 1.4503) and di-tert.-butyl peroxide (18.25 g., 
0.125 mol.) were heated in a Carius tube sealed under nitrogen, at 140° for 24 
hours. The product (66.0 g.), a colorless mobile liquid, gave on distillation 
the fractions: (1) b. p. 82-110° (44.2 g.); (2) b. p. <86°/1 mm. (0.35 g.); (3) 
b. p. 86-94°/1 mm. (10.15 g.); (4) b. p. 94-146°/1 mm. (0.45 g.); (5) b. p. 
146-149°/1 mm. (3.85 g.); (6) b. p. 203-204.5°/1 mm. (2.4 g.); (7) a colorless, 
glasslike residue in the still (about 4.0 g.) which was not further investigated. 
Fraction (1) gave on aqueous extraction, 18.0 g. of water-soluble compounds, 
which consisted mainly of tert.-butanol (isolated as described in earlier"), b. p. 
82-82.5°/760 mm.; only traces of acetone were present, these being identified 
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and determined as the 2,4-dinitrophenylhydrazone, m. p. 124-125° (yield 0.1 
g., equiv. to 0.027 g. of acetone). The nonaqueous layer was unchanged 
methylcyclohexene (25.0 g.) which, after being dried (CaCl.) and distilled over 
sodium, had b. p. 109-110°/760 mm., nj;”° 1.4510. 

Fraction (3), a colorless oily liquid, was identified as dimethyldicyclohezenyl. 
Though molecularly homogeneous, it doubtless consisted of a mixture of struc- 
tural isomers. Redistillation over sodium, in nitrogen, gave a main fraction, 
b. p. 74-78°/0.5 mm., n° 1.5116. [Found, for two different samples: C, 88.35, 
88.55; H, 11.80, 11.65%; M (micro-Rast), 214, M (benzene), 233. Ci,H2 re- 
quires C, 88.35; H, 11.65%; M, 190.] This olefinic dimer absorbed hydrogen 
(Adams catalyst) equivalent to 2.0 double bonds per mol. A larger portion 
(1.37 g.) in absolute ethanol (150 cc.), when hydrogenated over palladium- 
charcoal (200 mg.), absorbed 305.0 cc. of gas at N.T.P. (Cale.: 322.9 ¢.c.) to 
give the tetrahydride, dimethyldicyclohexyl. This, when distilled over sodium, 
gave two fractions: (1) b. p. 64-68.0°/0.5 mm., n?? 1.4827 (0.56 g.). (Found: 
C, 86.7; H, 13.45%); and (2) b. p. 68.0°/0.5 mm., n? 1.4831 (0.47 g.). (Found: 
C, 86.6; H, 13.5. Cale. for Cis4H2s: C, 86.5; H, 13.5%.) Both fractions were 
colorless mobile liquids, stable towards potassium permanganate solution and 
towards bromine. 

Treatment of the dimeric olefin (in chloroform) at 0° with bromine led to the 
absorption of 2.0 mols. of halogen. The product, however, on removal of the 
solvent rapidly evolved hydrogen bromide and darkened; no solid tetra- 
bromides could be isolated. 

The colorless, viscous liquid forming fraction (5) was redistilled over sodium 
in nitrogen. It had b. p. 144-148°/1 mm., n? 1.5339, and gave analytical 
values corresponding to trimethyltercycloherenyl. [Found: C, 88.75, 88.8; H, 
11.25, 11.35%; M (in benzene), 268, 280, 300; unsaturation value (catalytic 
hydrogenation), fes7. C2:Hs2 requires C, 88.65; H, 11.35%; M, 284, FF.) 
This triolefinic trimer fraction probably contained a number of structural 
isomers. 

Fraction (6) was an extremely viscous, colorless semiglass, which, on distilla- 
tion over sodium, gave a small fraction, b. p. <186°/0.1 mm., and a main 
fraction, b. p. 186—-192°/0.1 mm., the latter doubtless consisting of the tetramer. 
(Found: C, 89.0; H, 11.35. CesH42 requires C, 88.8; H, 11.2%.) 

Cross-linking of 4-methylhept-3-ene.—The olefin, prepared by dehydration of 
4-methylheptan-4-ol (b. p. 70-78°/20-23 mm., n?? 1.4258) with about 0.5% of 
iodine, had b. p. 116-117.0°/738 mm., n? 1.4175; infrared spectrographic 
analysis indicated its main type of unsaturation to be of trialkylethylene type, 
R:CH:CR’R”, but there was also a small amount of the as-dialkylethylene 
type RR’C: CH; present, indicative of the 4-methyleneheptane isomer. Other 
types of unsaturation were definitely absent. 

A mixture of the olefin (112 g.; 4 mols.) and the peroxide (36.5 g.; 1 mol.) 
was heated at 140° for 24 hours in nitrogen-filled Carius tubes. The colorless 
liquid product (148.0 g.) gave on distillation the fractions: (1) b. p. 80-120°/ 
742 mm. (89.3 g.), (2) b. p. <28°/21 mm., n? 1.4187 (8.9 g.), and (3) a liquid 
residue, n> 1.4641 (47.9 g., equiv. to 42.7% of the original olefin), consisting 
entirely of olefinic hydrocarbon components (Found: C, 86.35, 86.1; H, 13.65, 
13.65%.) A portion (46.8 g.) of fraction (3) gave on redistillation in nitrogen 
the following fractions: (4) b. p. <71°/0.05 mm., n? 1.4510 (2.0 g.); (5) b. p. 
67°/0.01 mm.—72°/0.05 mm., n? 1.4586 (25.3 g.), and a residue (6), n?° 1.4775 
(19.0 g.). (Found: C, 86.15; H, 13.4%), which was not further investigated. 
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Fraction (1) gave on extraction with water (300 g. + 200 g.) a mixture of 
water-soluble components (36.0 g.). Treatment of the extract with 2,4-di- 
nitrophenylhydrazine solution (in 2N hydrochloric acid) gave acetone 2,4- 
dinitrophenylhydrazone (0.32 g., equiv. to 0.08 g. of acetone). The only other 
water-soluble material was tert.-butanol (about 36.0 g., equiv. to 97.3% of the 
peroxide employed). 

The olefin present in fractions (1) and (2) was combined and redistilled (in 
nitrogen) over sodium. It gave a monomeric fraction, b. p. 117.0-120.0°/755 
mm., n2? 1.4184. 

Fraction (5), a colorless oily liquid, was obviously the dimer, hexadecadiene. 
[Found: C, 86.1; H, 13.6%; M (in benzene), 246. CisHso requires C, 86.4; H, 
13.6%; M, 222.] A portion of the redistilled dimer (3.1 g.), dissolved in 
absolute ethanol (50 cc.), absorbed over palladium-charcoal (1.0 g.) at room 
temperature and pressure 535 cc. (N.T.P.) of hydrogen, 7.e., 85.6% of the 
theoretical amount. The hexadecane so obtained was a colorless liquid, b. p. 
64-67°/0.1 mm., n® 1.4439 (2.3 g.). (Found: C, 84.9; H, 14.95. Cale. for 
CisHss: C, 84.85; H, 15.15%.) The product was stable towards aqueous 
potassium permanganate for a long time. 

Infrared spectrographic examination of the recovered methylheptene re- 
vealed a higher ratio of CH.::CRR’ to R-CH:CR’R” than existed in the 
original olefin, and also showed a band at 963 cm.~ consistent with the presence 
of a trace of R-CH:CHR’, which was absent from the original olefin. In the 
methylheptene dimer the ratio of CH;: CRR’ to R-CH:CR’R” was about the 
same as in the original olefin. The appearance of a strong new band at 975 
cm. and the broadening at the olefinic absorption band at 1640 cm.~ are 
attributed to a new form of unsaturation, RR’R”’C-CH:CHR’”, not present 
in the original olefin. In the fully-hydrogenated methylheptene dimer the 
olefinic absorption in the 1650 cm.~ region and the strong bands at 847 em.“ 
and 9.75 cm.~, assigned to R-CH:CR’R” and R-CH:CHR’, respectively, 
were all absent. 

Cross-linking of 2,6-dimethylocta-2,6-diene—The olefin, b. p. 56°/14 mm., 
n® 1.4490 (13.8 g.; 3 mols.), was heated with the peroxide (4.9 g., 1 mol.) in a 
nitrogen-filled Carius tube at 140° for 24 hours. Distillation of the product 
(18.5 g.) gave tert.-butanol, together with unchanged olefin, leaving an olefinic 
polymer residue (6.9 g., equiv. to 50% of olefin taken), having n% 1.4945. 
[ Found: C, 87.3; H, 12.45%; M (in benzene), 362, 372.] Microhydrogenation 
of the polymer indicated a considerable reduction in unsaturation. (Found: 
f-es to [ies per Cio unit.) Infrared spectrographic examination of the polymer 
indicated, in addition to the original type of unsaturation, appreciable amounts 
of RR’C:CH, and R-CH:CHR’ double-bond structures. 

Cross-linking of digeranyl.—The olefin” had b. p. 181.0-181.3°/13.5 mm., 
n¥ 1.4831. (Found: C, 87.7; H, 12.65%; fos. Cale. for CooHsa: C, 87.5; H, 
12.5%; .) A mixture of the olefin (8.22 g.; 1.5 mol.) and the peroxide (2.92 
g., 1 mol.) was sealed in a Carius tube under 0.01 mm. of nitrogen, and heated 
at 140° for 24 hours. The product was transferred to a horizontal pot still with 
a water-cooled condensing finger. Evaporative distillation at <0.01 mm. gave, 
first, volatile products, and then the following fractions: (1) at 50-53°, con- 
sisting mainly of digeranyl, n? 1.4850 (1.61 g.; equiv. to 19.6% of olefin taken). 
[Found: C, 87.4; H, 12.6%; M (in benzene), 279, 295]; (2) at 53°, a liquid, 
n>? 1.4859 (0.115 g.; equiv. to 1.4% of olefin taken); (3) a colorless very 
viscous residue, n? 1.5168 (6.40 g.; equiv. to 77.85% of olefin taken) [Found: 
C, 87.75; H, 12.1%; M (in benzene), 985, 990]. Microhydrogenation of 
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fraction (3) showed that it contained about 72%. (Found: 71.6, 72.1%) of the 
unsaturation of the original digeranyl. The results of infrared analysis of 
fraction (3) were similar to those for the dimethyloctadiene residue given above. 

Cross-linking of natural rubber with di-tert.-butyl and diethyl peroxide ——The 
former peroxide, prepared according to Milas and Surgenor"™ had b. p. 109.0— 
110.0°/760 mm., n2° 1.3882 (Found: C, 65.7; H, 12.3. Cale. for CsHis02: C, 
65.7; H, 12.4%). The diethyl peroxide, prepared by Wiley’s method" had 
b. p. 62.5-63.5°/759.5 mm., ni§-! 1.3711, n2-° 1.3690. (Found: C, 53.15; H, 
11.25. Cale. for CsHioO2: C, 53.38; H, 11.2%.) Harris and Egerton’ give 
b. p. 58-59°/625 mm., ni®-* 1.3715, and Wiley" gives b. p. 61-65°, n?? 1.3700. 

The rubber hydrocarbon used was a sample of smooth smoked sheet rubber. 
The acetone-extracted sample was prepared by extracting strips of the rubber 
in a nitrogen atmosphere for 24 hours, followed by drying of the swollen strip 
in vacuo for 3-5 days at 10-5 mm. 

The experimental technique generally used was as follows. Strips of the 
rubber (about 4 X 0.5 X 0.1 inch) of known weights were left in contact with 
the calculated amounts of the appropriate peroxide in tubes sealed in an 
atmosphere of purified nitrogen. After 24-28 hours’ contact, it was assumed 
that even distribution of the peroxide in the rubber had been attained. The 
samples were quickly weighed and, while cooled in liquid air to prevent loss 
of peroxide, were sealed in Carius tubes in a nitrogen atmosphere of about 
0.05 mm. pressure and then heated for the appropriate time (6-72 hours) and 
at the appropriate temperature (99.5° -t 0.5°, or 140° + 0.5°). 

The mechanical properties and equilibrium swelling constants (Q,,) in 
benzene’ of all the samples were measured immediately after reaction. These 
data are given in Tables I-III. 

The volatile byproducts obtained in the reaction between di-tert.-buty| 
peroxide and rubber were examined as follows. 

Method 1.—A sample of acetone-extracted rubber was dried for 4 days at 
10-5 mm. and then immediately analyzed. (Found: C, 86.3; H, 11.45; O 
(direct determination), 0.98, 0.965; ash, 0.25%.) This sample was heated with 
di-tert.-butyl peroxide (51.5 g. per 100 g. of rubber) for 6 hours at 140°. The 
liquid which separated from the product was shown to be mainly ¢ert.-butanol, 
together with some acetone, but no peroxide. The rubber derivative (a hard 
brittle solid having no rubberlike properties) was acetone-extracted and dried 
for 7-9 days at 10-° mm. (Found: C, 87.3, 86.6; H, 11.3, 11.55; O (direct 
determination), 1.32, 1.32; ash, 0.95%.) 

Method 2.—A sample of rubber (17.0 g.), as in (1), was allowed to imbibe the 
peroxide (8.2 g.) in an atmosphere of nitrogen during 2 weeks, the resulting 
mixture than being heated under nitrogen for 6 hours at 140°. The liquid 
product (5.8 g.), which separated out after the reaction, was pumped off at 1 
mm. pressure and condensed in a liquid-air trap. It was a colorless liquid 
boiling entirely over the range 56—-80° and was shown to consist of a mixture of 
acetone (36.6% or peroxide taken), determined and identified as its 2:4- 
dinitrophenylhydrazone, m. p. 124-125° (mixed m. p. 125°), and tert.-butanol 


(equiv. to 41.1% of peroxide taken), identified as its phenylurethane, n. p. and 


mixed m. p. 136°. No unchanged peroxide was found. 


SUMMARY 


The high degree of dehydrogenation effected by tert.-butoxy radicals at the 
a-methylenic groups of olefins enables these radicals to be used for the carbon- 
to-carbon cross-linking of unsaturated carbon chains, and especially of the 
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polyisoprenic chains of natural rubber. Such cross-linking amounts to a 
vulcanization process in which the connecting links between chain molecules 
are just C—C bonds, which may be expected to have appropriate attributes. 

An examination has first been made of the cross-linking produced by tert.- 
butoxy radicals (from di-tert.-butyl peroxide) at 140° between the short iso- 
prenic chains in 1-methylcyclohexene, 4-methylhept-3-ene, 2,6-dimethylocta-2, 
6-diene, and digeranyl. Cross-linking proceeds efficiently in each case, and the 
points of union in these isoprene units which become directly joined are not 
confined to original a-methylenic carbon atoms. Where the reagent radicals 
are in considerable deficit, e.g., one per two or three of the isoprene units pres- 
ent, those olefin molecules which are attacked become linked together mostly 
by single unions to form aggregates containing two, three or four molecules; 
but in the tetraisoprenic olefins the extent to which more than one union is 
formed between some of the directly linked molecules becomes appreciable. 

In natural rubber, cross-linking occurs smoothly and to nearly the full 
extent corresponding to the (in practice restricted) proportion of peroxidic 
reagent employed. Good vulcanizates can be so obtained in which the tensile 
stength is found to increase towards a maximum and then to decline rapidly 
as the degree of cross-linking steadily increases. Thus to obtain vulcanizates 
of the optimum physical characteristics, the degree of cross-linking must be 
suitably chosen. The role of the peroxidic reagent is almost entirely non- 
additive and non-degradative. 
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The reinforcement of rubber, next to vulcanization, is the most important 
process on which the development of the use of rubber has been based. With- 
out reinforcement, our tires would indeed be mere shadows of those which we 
enjoy at present. 

In spite of this importance, little is known about the mechanism of rein- 
forcement. For many years it has been recognized that the surface forces (or 
bond) between rubber and reinforcing filler are the basis of this effect, but more 
recently consideration has been given to a wider field of the forces of interaction, 
namely, those between carbon particles as well as those between rubber mole- 
cules. It is these forces which give rise to ‘“‘structure” in rubber compounds. 
These structures can be modified, destroyed, or even rebuilt, by movements of 
the “particles” (which from considerations of thixotropy we can regard as 
clusters rather than individual particles) induced by mechanical movement and 
(or) heat. It follows, therefore, that if we study the effect of disturbances on 
the mechanical and electrical properties of a rubber compound, we may be able 
to throw some light on these diverse structures. The particles upon which the 
mechanical properties of rubber are based are probably macroclusters and not 
molecules or individual carbon particles, although the ultimate molecule and 
individual carbon particle may, and probably do, play a great part in the be- 
havior of the cluster. For the breaking down of random clusters one is con- 
cerned with van der Waals forces, and these effects should not, therefore, be 
confused with the rupture of chemical bonds, such as takes place during the 
breaking down of the rubber molecule by chemical means. That is an additive 
effect, as is also the stitching together of rubber molecules by cross-linking, and 
attempts have been made in this work to avoid conditions which would induce 
marked chemical deterioration or continued vulcanization. 

The conclusions from statistical theory, assuming no interaction forces, 
predict that the equilibrium modulus of a rubber increases with temperature. 
In practice this has been found to be true only over a limited range and under 
circumstances where the forces of interaction are known to be small, e.g., gum 
stocks and elevated temperatures. Part of the discrepancy between theory 
and practice can be attributed to the nonequilibrium conditions which tend to 
prevail in rubber testing. Nevertheless the observed reversal under dynamic 
conditions of the predicted direction of variation of modulus with temperature 
suggests that other factors, particularly the existence of interaction forces, are 
equally, if not more, important. With this viewpoint it is reasonable to use the 
experimental variation of modulus with temperature as a measure of these inter- 
action forces. For the dynamic mechanical study therefore, the property of 
dynamic modulus has been selected as a measure of the development of these 
forces. Furthermore, dynamic modulus has the advantage of being a single 
measurement from a physical standpoint and is insensitive to frequency under 
the conditions of test. 


* Reprinted from Industrial and Engineering Chemistry, Vol. 43, No. 2, pages 352-362, February 1951. 
This paper was presented at the International Meeting of the Division of Rubber Chemistry of the American 
Chemical Society at Cleveland, Ohio, October 11-13, 1950. 
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For the dynamic electrical study the property of electrical resistivity under 
vibration has been employed. 

The experimental work was carried out on six mixings, four of which were 
tire-tread compositions based on natural rubber, Neoprene, Perbunan, and 
GR-S compounded with a channel black. The remaining two were a similar 
stock based on natural rubber compounded with a high-modulus furnace black 
and a natural rubber gum stock for comparison and contrast. The immediate 
aim was to measure the dynamic modulus of these compositions over a tempera- 
ture range, in order to get a measure of the type and magnitude of the forces 
involved when these materials are repeatedly stressed at frequencies compa- 
rable with those occurring in service. 

The measurement of electrical conductivity under vibration would indicate 
the rupture or building up of carbon-carbon particle chains as the resistivity 
increased or decreased. 

The most recent views on the theory of fatigue! in materials attribute break- 
down to the cumulative rupture of cohesive bonds in the material, a process 
which is initiated at the very first cycle of distortion. 

Healing as well as rupture of these weak bonds is a process which is going 
on all the time, and the predominance of one or the other factor determines the 
progress of fatigue. The time factors involved in stressing and rest periods 
must be related to the relaxation of the structure produced in the material with 
each successive cycle of distortion. 


EXPERIMENTAL METHOD 


The dynamic properties of rubberlike materials have been measured by 
various methods’, and the whole matter was discussed at a recent conference’. 
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Fie. 1.—Block diagram of compression vibrator. 
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Fria. 2.—Mercury-xylene regulator. 


The present work was carried out on the Imperial Chemical Industries’ 
electrical compression vibrator‘ set up in horizontal position and mounted on 
thick sponge rubber. Figure 1 is a block diagram of the main layout of the 
experimental equipment. The Muirhead decade oscillator was checked against 
a known mains frequency and the over-all accuracy of the decade system found 
to be 0.2 cycle per second. 

Temperatures were controlled at +0.2° C by a mercury-xylene regulator 
(Figure 2) and measured to +0.5° C on two copper-constantan thermocouples, 
one mounted in the rubber test-piece, the other in the air of the test chamber. 
A Mullard oscilloscope was used to monitor the wave form of the velocity 
signal. This procedure gave a check on the alignment of the vibrator. Day- 
to-day variation in phase shift of the amplifiers was compensated by a phase 
adjuster network® in the stress channel. Tuning to resonance was carried out 
by a zero-phase method which gives sensitive discrimination. 

Figure 3 shows two examples of the closure of the ellipse to the nearest 
integral cycle. Because amplitude is changing only slowly at the resonance 
peak, this parameter is effectively constant while the necessary frequency 
tuning adjustments are made. 

The application of the classical theory of forced damped vibrations to rubber 
has recently been criticized® as being not sufficiently general to accommodate 
the experimental facts. If, however, the changes in conditions in any experi- 
ment are kept sufficiently small, the equation can be retained and the previous 
constants, s (dynamic stiffness) and b (viscous resistance), become functions of 
the conditions. An equivalence then exists between the two equations for 
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alternating mechanical and electrical systems subjected to forced oscillation: 


mi + bx + sx = F cospt 
Lg + Rq + q/C = E cospt 


where L, C, and R are the usual electrical symbols and £ is the applied e.m.f. 
In the steady state, therefore, the conditions for velocity resonance (analog of 
current resonance in the electrical case) are s = mp? and zero phase difference 
between applied mechanomotive force and velocity. Also the maximum sensi- 
tivity to phase change occurs at resonance and is given by 4mm/b radians per 
cycle per second. 

In the experimental work every attempt was made to eliminate memory 
effects’. Temperatures were selected so as to get six roughly evenly spaced 
points between the base-line temperature of about 30° C and a maximum tem- 
perature of 70° C. The standard amplitude was 0.0036 cm. The time of test 
was roughly 45 seconds, and a 10-minute rest was given between each test. 
The range of frequencies employed was 80 to 170 cycles per second. Bonded 
samples were used with no static load. Tests were carried out at the different 
temperatures successively on the same sample to avoid the well known sample 
variation with rubber mixings involving carbon black. To detect any perma- 
nent alteration to the test sample, a standard test of dynamic modulus at the 
“‘base-line’”’ temperature was carried out before testing at a new temperature. 
To avoid marked effects due to chemical changes, no temperatures beyond 70° 
C were investigated. 

For the main investigation compression samples were used, bonded to steel 
with Vuleabond TX and made in a special mold (mixes R505-511). The rub- 
ber specimen in every case was approximately 1.5 inches in diameter and 0.75 
inch high. The cure was slightly modified to allow for the thickness of the 
samples. The unbonded compression samples were made up on a separate 
occasion (mixes P6410-6413), using a simple three-piece mold. 


SELECTION OF BE3T CONDITIONS OF TEST 


As the methods of testing rubber are refined, it is possible to detect the effect 
of changing the temperature.by 1° C or of changing the vibration amplitude by 
10 to 20 per cent. 

Many materials are characterized by sharp melting phenomena and rela- 
tively well defined physical properties, whereas rubbers*® tend to change their 
state by fractions (analogous discontinuities to the Barkhausen effect and 
similar phenomena’ in ferroelectrics) over a temperature range that may be ex- 
tended almost indefinitely. Moreover, the act of measurement is sufficient to 
cause a small change of state and, hence. a change in physical properties. 
Relaxation to the previous state, which is measured in any mechanical test, 
depends not only on the conditions of the test but also on the stress and tem- 
perature history of the test-piece. Accordingly it is important to reduce as 
much as possible both the influence of the test on the property being measured 
and the memory effects arising from the past history of the test-piece. 

The following is a summary of the effects of the various parameters on the 
dynamic properties measured in this work, and is the basis of the particular 
test conditions finally adopted. 

Static load.—In Table II data are given for the effect of static load on the 
resonant frequency of a Neoprene Type GN tread stock (P6411, unbonded 
sample). 
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ComposiITION OF MIXES 
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Neoprene Type GN 
Natural rubber 
GR-S 
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Zine oxide 

Magnesium oxide 
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Tricresy] phosphate 
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Sulfur 
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Pheny]-2-naphthylamine 

Nonox-S 

Basic cure, minutes at 
141°C 
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When bonded samples were substituted, the increase in resonant frequency 
with static load was much reduced. This was found to apply for all the rubbers 
investigated, the change in resonant frequency being 1 per cent or less, for a 
static stress of 2 kg. per sq.cm. Bonded samples under no static load were 
therefore used throughout the investigation. 

Frequency of test—Table III shows the effect on dynamic stiffness at room 
temperature and 70° C of altering the frequency of test by a ratio of 1.7 in the 
range 100 to 300 cycles per second. 

Table III shows that there is no significant effect on dynamic stiffness, 
except possibly in the case of Perbunan. Because this material is known to be 


TABLE II 


Errect or Static Loap oN RESONANT FREQUENCY 


Static 

Resonant 

frequency 
(c.p.s.) 
123.8 
127.5 
128.5 
129.7 
130.7 
130.8 
131.3 
131.7 


the most polar of the four rubbers examined and hence to have the highest 
level of interaction between molecules, the possibility of a frequency effect of the 
order of 4 per cent at room temperature within the range 160 to 300 cycles per 
second seems reasonable. Hence for practical purposes in the range of tem- 
peratures 25° to 70° C, the frequency effect can be ignored within the actual 
test range of frequencies employed, 7.e., 80 to 170 cycles per second. 

Duration of test—Ezercise effect—Continuous vibration of the test-piece 
was found progressively to lower the observed dynamic stiffness. Hence a 
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“jab” technique was adopted, in which the vibration was switched on only for 
the time necessary to measure the resonant frequency. 

Table IV shows the relative constancy of the resonant frequency, when the 
jab technique was used on a Neoprene sample which had been rested overnight 
at laboratory temperature. 

The jab time was reduced further with the aid of an electronic device to 
0.25 second, but without a very great change in the effective dynamic modulus. 

It was, therefore, decided to adopt the jab time of about 45 seconds and 
correspondingly to increase the rest time between readings to 10 minutes. 
The ratio of the two times must, according to the Boltzmann theory’®, be kept 
as large as possible to reduce the memory effect to a minimum. 


TABLE III 
Errect oF FREQUENCY ON DyNamic STIFFNESS 


Dynamic stiffness x 10° dyne per cm. 





At laboratory 
temperature 
oe S 


Weight off 

(higher ‘ 

Material frequency) Weight on Weight off Weight on 
Natural rubber 2.479 2.478 1.94 1.89 
Neoprene Type GN 2.467 2.470 1.96 2.04 
GR-S 5.294 5.354 3.06 3.14 
Perbunan 4.91 4.68 2.94 2.91 





+ At approximately, 
70° C 
A. 





Temperature conditioning —Even with the jab technique given above, the 
stiffness was different on the heating and cooling portions of the thermal cycle. 
To reduce this thermal hysteresis to a minimum, overnight conditioning at the 
temperature of test was employed. Reproducible results for dynamic stiffness 
could be obtained in this way at constant temperature, using automatic regula- 
tion. 

Amplitude of vibration—In the case of reinforced rubbers, it was noticed 
early that increased amplitude of vibration caused a decrease in the resonant 
frequency", and this effect has been amply confirmed by other investigators. 
The interest attaching to the amplitude effect, apart from reproducibility of 
testing, derives from the fact that, like the temperature effect, it runs counter 
to the predictions of the simple statistical theory, with no interaction forces. 
In the present investigation a range of amplitude was therefore studied at each 
temperature. To minimize memory effects, the value of the resonant fre- 
quency was taken on a range of ascending and descending values of amplitude 
and the true value of the resonant frequency was taken as the arithmetic mean. 


TaBLe IV 


Jas TECHNIQUE FOR CoNSTANT RESONANT FREQUENCY 


Resonant Tempera- 
frequency 
Time using jab of 
(min.) 30 seconds 
0 215.1 
5 215.2 
10 215.2 
15 215.2 
20 215.4 
25 215.6 
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Fic. 4.—Variation of dynamic modulus with temperature. Tread stocks. 


DYNAMIC MODULUS 


Tread stocks——Variation of dynamic modulus with temperature at constant 
amplitude—Figure 4 shows curves for the four tread stocks, and the natural 
rubber stock containing 40 parts of a high modulus furnace black (Kosmos-40). 
On this graph Perbunan and GR-S are well separated, while natural rubber 
runs very close to Neoprene Type GN. It is clear that within the limited 
range of temperatures investigated the curves can be considered as exponential 
in character, and, if a relationship of the type y = yoe®’*7 is assumed to hold, 
it is possible to plot the data in a form from which Q, which has the dimensions 
of energy, can be calculated. vy is the observed dynamic modulus at absolute 
temperature 7’, yo is a constant, and # is the gas constant for 1 gram-molecule. 
This procedure is shown in Figure 5, where the logarithm of the ratio of modulus 
at T° C to modulus at 70° C is plotted against the reciprocal of 7. 

The slopes of the lines are a measure of the apparent activation energy in 
the temperature range 30° to 70°C. There are, of course, underlying assump- 
tions in applying this type of analysis to data of this kind. It is, for example, 
assumed that the activation energy is a constant in this temperature range, 
whereas it is almost certainly a slowly varying function of temperature. The 
data are not sufficiently accurate to decide this point. The process is assumed 
to apply to a gram-molecule, a rather indefinite concept when the moving unit 
may be the carbon particle. From a practical point of view, however, it is 
still one of the best ways of placing such curves on a quantitative basis. 
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Considering the slopes of the graphs, while it is not possible to separate 
GR-S and Perbunan, the other three compounds in general are in the expected 
order of their reinforcement. 

An examination of Table V or VI indicates that the energy barrier is of the 
order of 0.5 to 2 large calories. It is evident therefore that weak cohesive bonds 
are responsible for the variation of properties with temperature. Because these 
forces are of the same order of magnitude as the thermal energy and the applied 
energy of vibration, measured properties are sensitive to changes in both these 
parameters. 

In any practical application, both the effective dynamic modulus and the 
rate of change with temperature may be of importance. For example, a GR-S 
tread is stiffer than a Perbunan tread over the whole temperature range; on the 
other hand, the level of interaction forces, judged from the apparent activation 
energies, is similar in the two rubbers. Under these circumstances temperature 
or exercise might be expected to produce the same relative alteration in proper- 
ties. If, however, the forces in one rubber were much stronger than in an- 
other, the level of modulus might be higher at one temperature and lower at 
another, t.e., crossovers might occur, and there is some trend in this direction 
on examining the Noeprene and natural rubber curves, although this difference 
may be experimental. Furthermore, during the fatigue life of one rubber com- 
pared with the other, the relative rates of physical breakdown would be ex- 
pected to depend on the relative levels of both the interaction forces and the 
rates of relaxation. 
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Taste VI 
TEMPERATURE Errect (TREAD Srocks) 


Dynamic 
modulus % chan 
(kg./sq. cm.) per ° Apparent 
& —1/ydy/dT activation 
OO — energy, Q 
Rubber 85° C 70° C 70° C (kg.-cal.) 
GR-S 413 282 ‘ A 2.2 
Perbunan 352 244 : 3 2.2 
Natural rubber I 208 160 é ; 1.18 
Neoprene 202 168 . RK 0.78 
Natural rubber II 114 105 id : 0.49 


Table V gives two estimates of the temperature coefficient. The column 
labeled 0f/0T gives the cycles per second change in the resonant frequency per 
°C. The values have been obtained by graphical differentiation of Figure 4 
and are approximate only. The largest changes per ° C are with GR-S and 
Perbunan and are about 1 cycle per second per ° C, so a temperature change of 
1° C is easily noticed. With the less reinforced natural rubber compound, 1° 
C does not produce a practically observable difference. The second estimate is 
probably more accurate and has been calculated from the value of the apparent 
activation energy. The units are percentage change of modulus per ° C and 
are in the column headed 1/ydy/0T. 

Variation of dynamic modulus with amplitude at constant temperature.— 
Figure 6 shows the changes of resonant frequency (proportional to square root 
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Fie. 6.—Variation of resonant frequency with amplitude and temperature. 














Site BIS leh VES RNA 


798 RUBBER CHEMISTRY AND TECHNOLOGY 


of dynamic modulus) with amplitude at constant temperature for three of the 
five rubbers. Neoprene and the less reinforced natural rubber would have to be 
plotted on a larger scale, as the lines are too close. 

Only a part of the experimental data has been plotted, where the frequency 
tends to vary linearly with amplitude. At lower amplitudes the frequency was 
always found to rise sharply, as was also observed in the experimental work of 
Oberto and Palandri™, and it was thought that frictional effects might be 
responsible. When the current in the driver coil was plotted against amplitude 
of vibration, definite evidence of friction in the test apparatus at the lowest 
amplitudes was present. 

Examining the amplitude effect as a whole, the following facts emerge: 

In every case a set of nearly parallel curves (drawn as straight lines over the 
limited range of amplitude on the graphs) is obtained. 

The variation of the amplitude effect with temperature is secondary. In 
one or two cases the slopes alter with temperature in a random manner. 

The average slope of the set of curves is greatest with GR-S and Perbunan. 
The next pair are natural rubber and Neoprene. The flattest is the compound 


Taste VII 
AMPLITUDE Errect (TREAD Stocks) 


% Modulus change for 
doubling amplitude, 
—a/7dy/da 


Rubber 35°C 70°C 
GR-S 
Perbunan 
Neoprene 
Natural rubber I 
Natural rubber II 





containing furnace black. It is evident that the amplitude effect and the 
temperature effect run side by side in going from one compound to another, and 
in a general way increase with the expected degree of reinforcement. 

Table V gives two estimates of the amplitude coefficient. The first is in the 
column headed adf/da and is a value based on the slopes of the lines in Figure 6. 
The units are in cycles per second change for a 100 per cent increase in amplitude 
from a standard amplitude of 0.0036 cm. The second estimate is similarly 
based, but is calculated as percentage change in dynamic modulus for a 100 
per cent increase in amplitude from standard, and is in the column headed 
a/x0x/0a (see also Table VII). 

This set of figures gives a practical idea of the importance of the amplitude 
effect. In GR-S and Perbunan, a doubling of the amplitude can produce 
nearly a 10 per cent decrease in the observed dynamic modulus. The values of 
the amplitude coefficient are correspondingly less for the less reinforced rubbers. 

The natural rubber compound containing furnace black shows an amplitude 
coefficient of only 3 percent in the same units. 

In every instance there was a tendency for the resonant frequency to rise 
rapidly at the smallest amplitudes of vibration. This effect is of considerable 
theoretical significance for deciding the nature and origin of the change of 
dynamic modulus with amplitude. While the greatest part of the data at these 
low amplitudes has been omitted because of the doubt arising from static friction 
already mentioned, Figure 7 has been included because the observed variation 
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Fie. 7.—Variation of resonant frequency with amplitude of vibration. GR-S tread. 


of amplitude with driving current showed that static friction was nearly absent. 
It will be seen that the same turn in the resonant frequency is present at low 
amplitudes. These experimental results on GR-S at two temperatures of 
39.6° and 66° C show an amplitude freezing phenomenon analogous to the 
temperature stiffening, and suggest a common origin of the two variations. 
The characteristic memory effect is also well shown by the points on the graph, 
indicated by arrows in the order in which the measurements were taken. 

Gum stock.—Variation of dynamic modulus with temperature at constant 
amplitude —Table VIII shows experimental results obtained on a natural rub- 
ber gum stock using the same testing method as for tread stocks. 

The observed variation in frequency with temperature is seen to be of a 
random nature and must be attributed to the experimental error. Because it 
was obvious that the effect was small, it was decided to obtain a better idea of 
the variation, if present, by omitting the overnight conditioning and doing the 
whole temperature variation in a single day. This would minimize the experi- 
mental error without introducing large memory errors, because these are least 
in gum stocks. The figures obtained are shown in Figure 8, where the dynamic 
modulus is plotted in arbitrary units (square of the observed resonant fre- 
quency) against temperature. With this experimental method an increase in 
modulus with temperature is observed as expected from the simple kinetic 
theory, the points falling approximately on a straight line. 


Tasie VIII 
TEMPERATURE Errect (NATURAL RuBBER Gum Srock) 


bpm om ee 
ne oad 
20.4 78.7 
33.1 77.6 
41.2 - 
47.3 
57.6 
65 
78 
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The amplitude of vibration in these gum stock tests was more than double 
that used for the tread stocks, being 0.0095 cm. Under these conditions, ap- 
proximately a 4 per cent increase in modulus is obtained in going from 40° to 
70°C. Toestablish the exact form and magnitude of the variation, still further 
refinement in experimental technique is necessary, as the frequency is only 
altered 2 cycles per second for a 30° C temperature change. 

Variation of dynamic modulus with amplitude at constant temperature —The 
evidence on the direction of the amplitude effect was inconclusive, and varied on 
different days. In approximately doubling the amplitude the following changes 
were noted in the resonant frequency at a series of increasing temperatures: 
—1.1, —2.1, +0.07, +0.3, —0.08, —0.2, and —0.2. 

In the measurements of Oberto and Palandri", a dynamic tension modulus 
was found which was independent of dynamic tension strain for gum stocks, 
while in the shear measurements the dynamic modulus increased linearly with 
the dynamic shear strain. If the amplitude and temperature effects are analo- 
gous in different rubbers, one would expect an increase in dynamic modulus with 
dynamic strain. The effect, however, is very small, if one assumes that as with 
tread stocks a doubling of the amplitude produces the same effect as a 10° C 
rise in temperature. 
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Fig. 8.—Variation of dynamic modulus with temperature. Natural rubber gum stock. 


ELECTRICAL RESISTIVITY UNDER VIBRATION 


To get further evidence on the phenomenon of the alteration of modulus 
with amplitude of vibration, exercise, and temperature, measurements were 
made of the electrical resistivity of a bonded rubber specimen under various 
conditions. In the case of natural rubber, the specific resistivity was of a 
suitable size for simple measurements, being about 2.5 X 10% ohms. A voltage 
of 75 gave a deflection of 300 to 400 divisions with a D’Arsonval galvanometer, 
having a sensitivity of 230 divisions per microampere. 

A number of measurements done on different days on the same specimen 
established that there was an increase in conductivity with temperature when 
no vibration was present. At an early stage, it was found that the presence of 
mechanical vibration increased the resistivity by as much as 10 per cent at the 
highest amplitudes studied, approximately 0.013 em. This effect parallels 
under vibration conditions the effect noted for some time of the increase of 
resistivity under simple flexure investigated by Bulgin™. Bulgin noted also 
the phenomenon of two temperature coefficients, depending on whether the 
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Fig. 9.—Effect of temperature on dynamic modulus and electrical conductivity. Natural rubber tread. 


sample had previously been flexed or not.. This probably explains the difficulty 
of getting reproducible results (on different days) for the temperature variation. 
When measurements were done on a cooling curve taking 3 hours (sufficiently 
slow to allow a fair approach to equilibrium), the variations with temperature 
of modulus and conductivity (with no vibration applied) shown in Figure 9 
were obtained. In the modulus measurements the vibration amplitude was 
standard. 

As the dynamic modulus increases with falling temperature, the conductiv- 
ity falls. When, however, the change in conductivity (Co-C), due to applying 
vibration to the rubber test-piece is measured, it is found to*increase with in- 
creased energy input. In consequence if ¥Co-C is plotted against amplitude, 
the resulting graph is approximately linear (Figure 10). In comparing Figures 
9 and 10, it will be noted that increasing temperature causes increased con- 
ductivity, while increasing amplitude of vibration causes the conductivity to 
drop progressively (shown in Figure 10 by VCo-C becoming greater). On the 
other hand, however, both increasing temperature and increasing amplitude of 
vibration produce a decrease in modulus. 

The apparent contradiction of the conductivity results can readily be under- 
stood in terms of a dual effect of temperature. It has been pointed out that 
the conductivity of the carbon network itself increases with temperature. On 
the other hand, the increased kinetic energy of Brownian motion can cause a 
decrease in the total number of cohesive bonds in the structure, resulting in 
decrease of modulus and increased resistivity (decatenation). It would appear 
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Fie. 10.—Effects of variation of amplitude on resonant frequency and conductivity. 
Natural rubber tread, 72° C. 


that decatenation is the main result of mechanical vibration, while a rise in 
temperature can cause both effects, with the increase of conductivity of the 
carbon structure predominating. 

An interesting conclusion can be drawn definitely from these results on con- 
ductivity with natural rubber, which is difficult to deduce from the mechanical 
measurements alone. The effect of amplitude of vibration on the dynamic 
modulus is not due to the rise in general temperature of the specimen; if this 
were so, the conductivity of the carbon structure would be expected to increase, 
whereas it is found actually to decrease and in addition the amount of the de- 
crease is more marked, the greater the amplitude of vibration. This is con- 
vincing proof that decatenation does take place when vibration is applied and 
that it is in part responsible for the drop in modulus and conductivity in the 
natural rubber tread stock. When Perbunan was investigated, the conductiv- 
ity was found to be much less (about 15 per cent) and no detectable change was 
found when the largest vibration was applied. It may be that some effect is 
there, but it is proportionately less than in the case of natural rubber. This 
suggests that the drop in modulus with Perbunan on increasing the temperature 
or amplitude of vibration may be due mainly to the rupture of rubber-rubber 
cohesive bonds, or more likely carbon-rubber, neither of which would appreci- 
ably affect the electrical conductivity. 

In the case of GR-S, the effects were parallel to those observed with natural 
rubber, though the conductivity level was much reduced, and was of the same 
order as Perbunan. The relative drop on applying vibration was also some- 
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what smaller, even after allowing for the lower amplitude of vibration, 0.008 
em. instead of 0.014 cm. One further difference noted was the more rapid re- 
covery to the original value of conductivity when the vibration was switched 
off, though the recovery of modulus was slower. This suggests that the carbon 
cohesive bonds heal more rapidly in GR-S than those which are mainly responsi- 
ble for the drop in modulus, presumably the carbon-rubber attachments. 

An examination of Figure 11 shows that this decrease in modulus is greater 
for GR-S than for natural rubber. Figure 11 also shows the change in con- 
ductivity of natural rubber samples, measured while fatigue was taking place. 
The corresponding curve for GR-S has not been included, as the actual change 
was only two divisions. 

In the case of Neoprene, a conductivity was observed similar to that for 
GR-S and Perbunan, but here there was no change even on vibrating at the 
largest amplitudes at laboratory temperature or 70° C. This indicates the 
presence of less carbon structure in this tread compound and the relative ab- 
sence of weak carbon-carbon bonds. 

These results on conductivity indicate a method of analysis of the different 
types of cohesive bond responsible for the final reinforced structure in a given 
natural or synthetic compound. Alterations in modulus are produced by 
change in the number of bonds of all types, rubber-rubber, carbon-rubber, and 
carbon-carbon, while electrical conductivity is affected mainly by the number 
of carbon-carbon bonds. Furthermore, judging from experiments with gum 
stocks, it is probable that at elevated temperatures the rubber-rubber bonds 
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Fra. 11.—Effect of exercise on dynamic modulus and conductivity. 
Natural rubber and GR-S treads, 70° C. 





SROBIAT ORWS [> - °9] 








804 RUBBER CHEMISTRY AND TECHNOLOGY 


are on the whole less important, so measurements at temperature extremes 
should separate the individual contributions from the rubber-rubber and 
carbon-rubber bonds. 

In all the electrical data given so far, the alteration in the mean conductivity 
has been measured. It was interesting to see whether any idea of the time 
factor involved in these changes could be arrived at by trying to detect an 
alternating component. This was done by completing the circuit through a 
200,000-ohm resistance in the same valve voltmeter as was the pickup signal. 
Under these conditions a ripple of the vibrating frequency was observed on a 
cathode ray tube of amplitude equivalent to about 10 per cent of the mean 
alteration indirect current conductivity. 

This implies that the alteration in conductivity can follow to a limited 
extent the applied vibration at 120 cycles per second. 


CONCLUSIONS 


The dynamic modulus of tread stocks changes with temperature in a way 
which resembles the variation of viscosity of liquids with temperature. This 
indicates the existence of potential barriers of the order 0.5 to 2 kg.-cal. which 
can be attributed to the presence of weak cohesive bonds of a van der Waals 
nature. Qualitatively the height of the barrier increases with the expected 
degree of reinforcement in the range of rubbers investigated, being greatest 
with GR-S and Perbunan and least with natural rubber and Neoprene. In 
making this estimate some account must be taken of the low tensile strengths 
of gum stocks made from GR-S and Perbunan in comparison with those made 
from natural rubber and neoprene. The compound of natural rubber contain- 
ing a reinforcing furnace black is, of course, still less sensitive to temperature. 

The amplitude coefficients of dynamic modulus parallel the effect of tem- 
perature over the range of rubbers. The amplitude effect, however, is addi- 
tional to the effect of temperature and to a first approximation independent of 
it. This independence suggests the addition of a further energy term to the 
exponential equation discussed in relation to the observed temperature varia- 
tion. The new equation would then be y = yoe®/*#7+%*), where ba? represents 
the average vibrational energy of the moving unit, b is a constant, a is the 
amplitude of vibration, and k is Boltzmann’s constant. From the experi- 
mental results it may be noted that doubling the amplitude of vibration is ap- 
proximately equivalent to a 10° C rise in temperature. If this is true at all 
amplitudes of vibration, it is difficult to conceive of any reasonable physical 
explanation, unless it is assumed that the size of the units moving over the 
potential barriers varies with the amplitude of vibration. If the moving unit 
is assumed to be the individual gas black particle, ba? is found to be KkT except 
at the largest amplitudes of vibration, and in consequence no amplitude effect 
at constant temperature should be observed at small amplitudes. On the 
other hand, if the whole rubber sample cooperates in the breaking of cohesive 
bonds, then ba*>>kT and there should be no temperature effect at constant 
amplitude. A simple calculation shows that ba? = kT for a gas black particle 
when a is of the order 0.01 cm. Under these conditions, 7.e., the largest ampli- 
tudes used in this work, there should be an amplitude effect. 

To account for the observed effects at much smaller amplitudes, the mass 
of the moving unit can be assumed to vary between that of the whole rubber 
sample and that of the individual gas black particle. As the vibration ampli- 
tude is increased, one must visualize the structure as being progressively broken 
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down and the effective mass of the moving unit being altered according to an 
equation of the type m = mof(a), where m is the effective mass of the moving 
unit, mo is a constant, and f(a) is a function depending on the amplitude of 
vibration, a thixotropic function, whose form could be determined by a more 
exact examination of the variation of modulus with amplitude of vibration. 
During a determination of dynamic modulus, from the time of switching on, 
there is a tendency for an equilibrium to be established between this breakdown 
of structure and the effort to relax to the previous condition. A dynamical 
equilibrium is thus achieved which is responsible for the particular value of the 
observed modulus. 

This analysis of the amplitude effect accounts also for the observed effi- 
ciency (from an energetic viewpoint) of small amplitude vibrations (low energy) 
in reducing the dynamic modulus of the rubber under test. Production of an 
equivalent effect by a rise of temperature of the test piece needs a far greater 
amount of energy. 

This effect of small amplitudes of vibration in reducing the dynamic stiffness 
is thus compared to thixotropy in a colloidal system. Vibration can produce a 
breakdown in the structure due to the effect of orientation in the mechanical 
field. In contrast, increased temperature is random in direction and any thixo- 
tropic effect is in consequence reduced. The effect of temperature must, there- 
fore, mainly rely on actual breakage of cohesive bonds, while vibrational thixo- 
tropy can produce aligning effects among structural units (molecular or col- 
loidal), which are evident in an effect on the viscosity (and hence on effective 
dynamic modulus) at relatively small amplitudes of vibration. 

There is no complete mathematical theory of thixotropy, but recovery after 
removal of stress is one of its chief characteristics. This is the fundamental 
basis of the history or memory effects noted in these investigations. The fre- 
quency of the vibration must be more rapid than the relaxation time of the 
structure resulting from the vibration if any progressive effect is to be observed. 
This structure is again clearly shown in the exercise effect and the recovery on 
resting. Furthermore, recovery, as in the corresponding creep phenomena 
under static loads, is initially rapid and thereafter much slower. There does 
seem evidence for the view that the relaxation spectrum of a material is not 
characterized by its initial state alone, but is a function of the initial and sub- 
sequent states during test. One would, therefore, conclude that the quickest 
recovery is from the shortest stress history, in agreement with the theory of 
Boltzmann and the experimental evidence of the jab and rest techniques. 

Thixotropy is favored by anisodimensional particles. The chain structures 
which occur with carbon black are ideal in this respect. Thixotropy has been 
postulated to explain many similar phenomena, for example, the creaming of 
latex. Generally it is considered that a second potential minimum exists in the 
field of force between thixotropic particles, so that a reversible change of phase 
can take place between the two". 

The comparison of the effects of amplitude of vibration on mechanical and 
electrical properties suggests that, though the amplitude effect is shown with all 
the tread rubbers examined as far as mechanical properties are concerned, it is 
absent or much reduced in Neoprene and Perbunan for electrical properties. 
This suggests the relative absence of carbon chains sufficiently long to be ad- 
lineated by the vibration. 

Possibly the thixotropic structures in the case of these two rubbers are con- 
nected through rubber-carbon connections, and not carbon-carbon. On the 
other hand, it may be argued that the absence of conductivity change on vibra- 
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tion is caused by a balance of increased conductivity due to adlineation and re- 
duced conductivity due to breakage of chains of carbon particles. 

Although there is a general parallelism between the effects of amplitude and 
temperature on dynamic modulus which suggests a common origin in the exist- 
ence of potential barriers in these materials, two points of difference must be 
emphasized: the greater efficiency of small vibrations in promoting passage 
over these potential barriers, and the opposite signs of the temperature and 
vibration coefficients of conductivity. Increased temperature produces in- 
creased conductivity, while increased amplitude of vibration, in those cases 
where a definite effect was observed, reduced the conductivity. 

This suggests that, at least as far as the black structure is concerned, the 
effects of temperature and vibration differ qualitatively. 

If the existence of two states of the carbon black structure are postulated, 
one of which has a higher and the other lower conductivity and modulus, 
vibration is visualized as promoting a thixotropic change from the one to the 
other. On the other hand, temperature due to its random nature is presumed 
to have a mixed effect. The increased kinetic energy of Brownian motion 
causes on balance a relaxation of the black structure (catenation)\—a view 
presented by Bulgin'"*—and at the same time a breakdown of the cohesive 
bonds between carbon and rubber, which do not affect the conductivity, but 
contribute a considerable amount to dynamic modulus. There is, of course, 
the effect of temperature on the conductivity of carbon itself; while this is in 
the right direction, the usual figures given for the temperature coefficient of 
graphitic carbon are not sufficiently high to account for the observed effects. 

The experimental results given here, particularly the actual size of the 
activation energies, 0.5 to 2 kg.-cal., confirm the general views outlined by 
Blanchard and Parkinson ", that the changes in properties of tread vulcanizates 
are due to changes in what they call the fortuitous structure. The main im- 
plication in this term is that the structure is of a weak and changing nature. 

Beyond this general agreement, however, certain important differences 
must be emphasized with respect to the particular conclusions to be drawn from 
these experimental data and those of the investigators referred to above. 
Blanchard and Parkinson conclude that prestressing “breaks relatively weak 
fortuitous chain structures, formed by reversible van der Waals forces between 
particles which contribute little to the stiffness except perhaps at small stresses,”’ 
and state that ‘‘prestressing has little if any influence on tensile strength but 
lowers abrasion resistance. Tests on the Dunlop constant energy abrasion 
machine on the vulcanizate used in the present investigation indicate a decrease 
of about 20 per cent after 250 per cent prestretch.”’ 

The lowering of resistance to abrasion suggests that the fortuitous structure 
may contribute to factors of great technological importance. This is amply 
confirmed by the results on dynamic modulus and conductivity of a natural 
rubber tread stock reported here; the modulus increases rapidly at small ampli- 
tudes, indicating the presence of an effectively hard structure under conditions 
which must simulate tire service more nearly than most of the traditional tests. 
Furthermore, tread stocks are employed under conditions that emphasize the 
maximum dynamic modulus. As has been shown in these investigations, 
higher values of dynamic modulus are obtained by having a large ratio of rest- 
ing time to the time of successive tests. 

This is just the condition that prevails in a tire. No matter what the speed 
of the tire, the time of impact is some ten times less than the rest peroid between 
successive impacts; this gives plenty of time for considerable recovery from the 
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breakdown of cohesive bonds due to impact of a portion of the tire tread pattern 
with the road before the same part comes around again. 

The lack of correlation between road service and most abrasion tests in the 
laboratory, which still prevails'*, may also arise from the same source. If the 
diameter of the test wheel in the laboratory machine is much smaller than an 
actual tire, so as to speed up testing, it is hardly possible to match road speed 
and test time between successive impacts at one and the same time. 

The different reinforcing effects of the same carbon black in the four rubbers 
as assessed by the various experiments described may appear mutually con- 
tradictory or in conflict with the general picture as gained from a study of the 
more usual tests. 

Table IX summarizes by a method of (+) and (—) the way in which the 


TABLE IX 


Types or CoHEsIVE NETWORK IN TREADSTOCKS 


Type of cohesive network 
C-C C-R 


ear raaee ti. 
Magnitude of strain 
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High Low High Low High 
Natural rubber + + a ‘ae 
Neoprene Type GN 4 _ va 
- - + 


Perbunan 


essential facts can be accounted for by the hypothesis that the four rubbers 
divide into groups with varying emphasis on the three main types of cohesive 
network, R-R (rubber-rubber) C-C (carbon particle chains of great length), and 
C-R (carbon-rubber structure, including short carbon chains). This process 
of division may be expected to vary with the magnitude of the strain. In 
Table IX the two extremes are taken—high, as may occur in an ordinary tensile 
strength test, and low, as may be expected in vibration experiments. 
The following facts are consistent with this table: 


R-R network.—The dynamic modulus of gum stocks of the four rubbers cor- 
responds to the grouping in column 1, 7.e., the dynamic modulus for natural 
rubber is lower (—) than for the three synthetics (+) which have similar values. 

The tensile strength of gum stocks of the four rubbers is given by the group- 
ing in column 2. The difference from column | is to be attributed to erystal- 
lization effects in natural rubber and Neoprene Type GN. 

C-C network.—The effect of vibration on electrical conductivity gives the 
grouping in column 3, where at low strains natural rubber and GR-S are grouped 
together as giving an effect (+) and Neoprene Type GN and Perbunan show no 
effect (—); (—) in column 4 indicates the relative weakness of this network in 
all four rubbers under high strains. 

C-R network.—Columns 5 and 6 support the theory that the main C-R 
structure persists at all elongations, with approximately the same emphasis in 
the different rubbers. 

By adding (+) and (—) horizontally at low strains, the order of the dy- 
namic modulus in tread stocks is given for the four rubbers. The same addi- 
tion performed at high strain predicts that the level of the tensile strength for 
all four rubbers is of the same order. 
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The effect of moderate variations in temperature and amplitude of vibration 
is to break up the weaker bonds which are present in both the C-C and C-R 
networks, without altering the observed order of dynamic modulus of the four 
rubbers. 

Unusual temperatures, e.g., subnormal, might produce marked changes in 
the order by emphasizing the R-R structure. 


SUMMARY 


The measurements were undertaken to obtain a better understanding of 
the mechanism of the reinforcement of rubber by carbon black. 

Results are given for the dynamic compression modulus and its temperature 
and amplitude coefficients, in the temperature range 30° to 70° C and at ampli- 
tudes of vibration around 0.0036 cm., for natural rubber, Neoprene Type GN, 
GR-S, and Perbunan. Data are also given on the effect of vibration and tem- 
perature on electrical conductivity. 

The results are discussed in relation to the general level of reinforcement. 
Evidence is given for the rupture of more than one type of cohesive bond in 
repeated cycles of vibration. A tentative system of analysis is proposed. 
The different effects of temperature and continuous vibration on dynamic 
modulus are attributed to a thixotropic breakdown in the case of vibration. 
The significance of such a “structure’’ dynamically hard at small amplitudes 
of vibration, is related to abrasion of tires in service. 


NOMENCLATURE 


Range = difference between highest and lowest readings 
f(B.L.) = frequency corrected for base-line variation 
f(B.L.A.C.) = frequency corrected for base line, amplitude, and oscillator 
calibrations 
= dynamic stiffness 
= dynamic modulus 
= apparent activation energy, kg.-cal. 
= absolute temperature 
7T> = dynamic modulus at 70° C 
yT = dynamic modulus at T° C 
a/y 0y/da = % change in modulus for 100% increase in amplitude from 
standard 
a = amplitude 
a Of/da = change in frequency, cycles per second for 100% increase from 
standard amplitudes 
0f/8T = frequency change, cycles per second per ° C 
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RELAXATION PROCESSES IN THE DEFORMATION 
OF UNLOADED RUBBERS AND THE INFLUENCE 
OF THE DEGREE OF VULCANIZATION * 


B. A. DoGADKIN AND M. M. Reznixkovskii 


Screntiric Researcu InstiruTe oF THE Tire Inpustry, Moscow, USSR 


As was shown in preceding articles', a study of the relaxation phenomena 
which are associated with high elastic deformation is of interest as a means of 
demonstrating several peculiarities of the structure which determine the physi- 
cal state of the polymer under the experimental conditions; in addition, such a 
study has an immediate practical value. In particular, in this earlier work the 
relation between the relaxation properties and the nature of intermolecular 
reactions of polymers was shown. 

The theories developed in the earlier work led to a quantitative expression 
of the kinetic laws of high elastic deformation and to certain considerations 
regarding the relation between the factors which determine the relaxation prop- 
erties and energy and also the concentration of elementary bonds concerned in 
the van der Waals reaction between the chains of the polymer. It should be 
noted, however, that the experimental results hitherto obtained refer principally 
to linear polymers (smoked sheet rubber, brominated rubber), and to the 
simplest relaxation relationships between stress and time when the given de- 
formation remains constant. 

The present work is concerned with an investigation of the relaxation proc- 
esses in 3-dimensional polymers. For this purpose a series of unloaded rub- 
bers containing 2 per cent of sulfur and vulcanized for different periods was 
studied. The aim of this work was also to ascertain the applicability of the 
previously proposed kinetic equation of high elastic deformation? to the repre- 
sentation of a number of complicated deformation systems and particularly of 
systems where stretching is at a constant rate. 

Unloaded vulcanizates of smoked-sheet rubber and various synthetic 
elastomers were used in the investigation. In Table 1 the types of rubbers 
studied are given, and symbols used for the various vulcanizates are listed. 


TABLE 1 
Types OF RUBBER AND SYMBOLS REPRESENTING THEM 
Time of 
vulcan- 
ization at 
143° C 
(min.) 
(Mercapto- 
benzo- 


thiazole Types of f rubber 
as accel- —_—_——— spabsaniecrsnatteitaniacl 


erator) HK CK-1 CK-2 2 CK-3_ CK-4 
5 03/5 05/5 06/5 09/5 10/5 
10 03/10 05/10 06/10 09/10 10/10 
20 03/20 05/20 06/20 09/20 10/20 
40 03/40 05/40 06/40 09/40 10/40 
60 03/60 05/60 06/60 09/60 10/60 


ranslated for RuspeR Cuemistry AND TecHNoLoGy by Alan Davis from the Colloid Journal 
(USSR Vol. 13, No. 1, pages 11-19 (1951). 
810 





earners ao ate a 


emanate 





RELAXATION AS A FUNCTION OF VULCANIZATION 


EXPERIMENTAL PART 


Stress relaxation at a given deformation.—Stress relaxation at different de- 
formations (not exceeding 600 per cent) and temperatures (between 20° and 
70° C) was first studied. 

Applying the general kinetic equation of high elastic deformation®: 

a He) (1) 
dt ( 
where 
t = r* exp[— Blo — EX~€)*] (2) 


(using in this particular case € = constant), the form: 


do (3) 
can be verified by the method already described‘. 

Equations (1) and (2) are valid within a limited range of temperature, rate 
of deformation, and experimental time, when the initial modulus Z’» remains 
at alow value. This indicates a high elastic mechanism of deformation when 
there is no rupture of the chemical bonds, which would cause a permanent 
structural change and unlimited relaxation of stress (o — 0). 

In the equations given, g and o~ = Ee are the instantaneous and equilib- 
rium stresses; € is the deformation, ¢ is the time; 2’o is the initial modulus, Z~ 
the equilibrium modulus of high elasticity, and 7 is the relaxation time, which, 
according to Equation (2), is itself a function of the unbalanced stress. 

The values of r* and 8 in Equation (2) are found through Equations (4) 
and (5): 


uo 
7g? = 0 exP im (4) 


y 
2E,kT 
where 79 is a constant which is independent of experimental conditions; ug is the 
energy of activation of the elementary structural change which constitutes re- 
laxation, V is the (volume of the) kinetic element of relaxation, k is the Bolz- 
mann constant; 7 is the absolute temperature, and Z, = E’y) — EW is the 
modulus of the unbalanced part of the instantaneous high elasticity. 

The linear relation between the logarithm of the time of relaxation and the 
square of the unbalanced stress, according to Equation (2), was considered a 
criterion of the applicability of Equations (3) and (2) to the representation of 
the stress relaxation. Accordingly the time of relaxation was measured from 
the stress-time curves according to the equation: 


=— ( ini \ an 
tT = o o~) At 


according to Equation (3) (method of finite differences). 

The method of determining the equilibrium stress o ~ is not given here, since 
it was previously described in detail*. 

As would be expected, for all the rubbers studied the quantity (¢ — o~)? 
logr closely approximates a linear value. This establishes the applicability of 
the foregoing equations to the quantitative representation of stress relaxation 
in 3-dimensional polymers and in unloaded rubbers in particular. 


p= (5) 
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Fic. 1.—Total time of relaxation, r*, after different elongations as a function of the temperature 
(05 rubber vulcanized to different states). 
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Consequently, the experimental values of r* and 6 make possible a thorough 
investigation of the relaxation properties of a material and of the influence of 
the experimental conditions. Figure 1 gives the values of r* and Figure 2 gives 
the values of 8 obtained from experiments at different deformations and tem- 
peratures for vuleanizates of SKB-1. . Figures 3 and 4 show similar relation- 
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Fie. 2.—Relation of 8 to deformation for different temperatures 
(05 rubber vulcanized to different_states). 
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ships for all the rubbers studied. Compensations were made for the elongation, 

temperature, and time of vulcanization as in the curves of Figures 1 and 2. 
The data given confirm beyond doubt the observation made earlier® that 

the total time of relaxation r* does not depend on the deformation, but does 


} ~lgt 








20030 20032 0003 1/7! 


Fig. 3.—Relaxation tin.e limit r* as a function of temperature 
for different rubbers (06, 03, 10, 05, 09). 


decrease regularly with the temperature in accord with Equation (4)*. As for 
the constant 8, within the range of experimental accuracy it does not depend on 
the temperature, but decreases sharply during deformation. This observed 
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Fie. 4.—Relation of factor 8 to deformation for different rubbers (06, 03, etc.). 


change of 8 with deformation also agrees with the observations made earlier® 
concerning unvulcanized smoked-sheet rubber and brominated rubber. 

The fact that the values of 7* and 8 for any given deformation and any given 
temperature remain constant during vulcanization is quite new. 
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In Figures 1 and 2 the points corresponding to the different times of vul- 
vanization are given. It is evident that there is no regular change during the 
vulcanization process for either relaxation property. The results obtained in 
this part of the experimentation for the other mixtures are exactly the same. 

The conclusion regarding the constancy of the relaxation properties of soft 
rubbers during vulcanization seems rather unexpected at first glance, and com- 
plete data will be furnished below as proof. The fact that the relaxation prop- 
erties of unloaded rubbers do not depend on the time of vulcanization means 
that the r* and 8 characteristics are equally applicable to unloaded rubbers and 
to the original unvuleanized rubbers. Figure 5 gives the characteristic curve 








6, )* Ag. per 59. cin. 


Fic. 5.—Combined graphs of relation of relaxation time to temperature, 
deformation, and unbalanced stress (05 rubber). 


of the time of vulcanization as a function of the unbalanced stress, temperature, 
and elongation. 

Deformation at constant rate—The stress-strain curves for different tem- 
peratures and for different rates of deformation were plotted to ascertain the 
applicability of the general Equations (1) and (2) to the representation of this 
particular deformation system, which is more complicated than the one previ-- 
ously investigated. In addition, a comparison of the stress-strain curves of 
rubbers of varying degrees of vulcanization (obtained at a constant rate of de- 


, , ane de 
formation) with the corresponding equilibrium curves 3° was made to 


verify that the relaxation properties of rubbers are independent of their state of 
vulcanization. 
we! de pa : : 
f tang constant = w in Equation (1), then by simple transformations we 
tf 


obtain: 
Se eon (6) 


TW 
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Equation 6 enables us to determine experimentally the constant LE’. 


From Equation 6: 
ea{(< 
. rik, ( de ss 


and the initial modulis, 2’, can be measured by the tangent of the angle formed 
by a line tangent to the curve at the point e = 0. 

As in the preceding case, the time of relaxation 7 can be determined from the 
experimental stress-strain curves in accordance with the equation: 


o — Exe 
T= 


- do 
(z". ~~ de J 


In Equation (7), for any instantaneous deformation, all the values compris- 
ing the right-hand part of the equation can be determined directly from the 


, ee R d , 
experimental data, as shown in Figure 6. The value of <? which corresponds 
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Fie. 6.—Calculation of instantaneous values of relaxation time by the stress-strain curve; 
temperature 70° C; de/dr = 1.65 (for 05/20 rubber) 





to the given deformation, is determined by the tangent of the angle formed by a 
line tangent at the appropriate point on the experimental stress-strain curve. 

The times of relaxation, calculated from the experimental data according 
to Equation (7), can be compared with the corresponding values obtained from 
the experiments on stress relaxation (Figure 5). Such a comparison shows to 
what extent the system of deformation at any constant rate can be described 
by the differential Equation (1) and to what degree the relaxation properties 
are independent of the deformation system. 

Table 2 gives the data obtained by drawing the experimental stress-strain 
curves at two different rates and temperatures for the 05 rubber of different 
degrees of vulcanization. 

The graph of logr gives the logarithmic values of the relaxation time, cal- 
culated from the data of experiments on stretching at a constant rate given in 
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the table. The graph of logr (relaxation) gives the corresponding values from 
the graph of Figure 5 obtained from experiments on stress relaxation. 

It is evident from Table 2 that in most cases there is satisfactory agreement 
between both values of the relaxation time. This establishes the applicability 
of Equations (1) and (2) to deformation at a constant rate and confirms the 
foregoing statement that the relaxation time is independent of the period of 
vulcanization. 

On the other hand, a comparison of the data obtained for deformation at a 
constant rate with the equilibrium stress-strain curves for rubbers of different 
degrees of vulcanization determines the variability or invariability of the re- 
laxation properties of a material vulcanized. In fact, at a given temperature 
and for a given rate of deformation, the values of the unbalanced stress are 
governed entirely by the relaxation properties of the material. In other 
words, the invariability of the o — o~ values (at identical temperatures and 
for identical rates of deformation) during vulcanization may be another proof 
of the invariability of the relaxation properties. 


TABLE 3 


COEFFICIENT OF INTERNAL FRICTION AS A FUNCTION OF THE 
TIME OF VULCANIZATION 
(Tests at room temperature) 


Time of 
vulcan- 
ization at HK 
143° C r A = 
(min.) «9 =100% €0 =200% 
5 0.57 0.49 
15 0.56 0.50 
20 0.59 0.48 
45 0.60 0.50 
60 0.58 0.50 





In this sense the independence of the relaxation properties from the vul- 
canization time finds sufficient confirmation in the data given in the correspond- 
ing graphs of Table 2. : 

As a consequence of this, and on the basis of the data in Table 2, we note 
that, although the stress-strain curves largely depend on the vulcanization time, 
the corresponding unbalanced stress-strain curves remain unchanged during 
vulcanization. 

Spontaneous recovery.—Experiments on the measurement of the rate of 
spontaneous recovery give additional data supporting indirectly the conclusion 
as to the invariability of the relaxation properties during vulcanization. In 
fact, for an ideal elastic rod, the rate of motion of its end for spontaneous re- 
covery Vr according to Equation (4) is: 


fn 
Vr = € \- (8) 


where €o is the initial elongation; # is Young’s modulus, and p is the density. 
The existence of internal friction in real systems means that the experi- 
mentally measured rate V, is always smaller than the theoretical rate. 


Ve = Vrv (9) 
where 0 < vy < 1, 
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The coefficient v can serve as a conventional characteristic of internal fric- 
tion. The latter, for rubber, according to accepted theory, depends entirely 
on the relaxation properties. 

With the aid of a special apparatus we measured the rate of spontaneous 
recovery V, for a number of rubbers. Measuring the uniform initial deforma- 
tion, the modulus, and the density of the specimens studied, we calculated® the 
coefficient v* according to Equations 8 and 9. This coefficient was different 
for vulcanizates of different rubbers, but did not change appreciably during 
the vulcanization of unloaded rubbers. The corresponding data for vulcani- 
zates of natural and SK-1 rubbers are given in Table 3. 


INTERPRETATION OF THE RESULTS 


In the present work the relaxation properties of soft unloaded rubbers of 
different degrees of vulcanization (maximum time 60 minutes; optimum vul- 
canization 20 minutes) were studied. For five of the rubbers investigated, it 
was found that the relaxation properties do not change during vulcanization, 
within the limits of experimental accuracy. A similar conclusion follows from 
a comparison of the values of r* and 8, obtained from the experiments on stress- 
relaxation and stretching at constant rate. This conclusion is also supported 
by the data obtained by comparing the dynamic stress-strain curves with the 
corresponding equilibrium relationships. The experiments on the rate of 
spontaneous recovery of rubbers of different states of vulcanization also support 
the same conclusion. 

Inasmuch as the assumptions on which these considerations are based are 
not yet generally accepted and, in turn, lack further confirmation, it was 
interesting to verify the experimental conclusion, independently of any the- 
oretical considerations, or according to accepted theory. By an experiment of 
the latter nature, we determined the hysteretic loss during dynamic deforma- 
tions of constant amplitude. 

In fact, since the relaxation properties studied are responsible for heat 
evolution, their invariability explains why the heat evolution is independent 
of the degree of vulcanization’. 

For the present, we have no experimental data of our own to answer this 
question. Data in the literature, however, agree completely with our expecta- 
tions. The data of Gehman and Dillon® in their work on hysteresis indicate 
that a change of time of vulcanization within the range of 5 to 90 minutes, 
when the amplitude of deformation remains constant, has practically no effect 
on the hysteretic loss. 

It is perfectly clear that the independence of the relaxation properties and 
the degree of vulcanization can be considered an approximation which is valid 
only within the limits of relatively low states of vulcanization. In particular, 
quite irrefutable data published by Gurevich and Kobeko® indicate sharp 
changes in the relaxation properties, which are manifest in a shift toward higher 
values of the temperature at which the rubber becomes glasslike, and, as vul- 
canization continues, finally reaches the ebonite form. 

It is noteworthy, that in the formation of vulcanizates of natural and syn- 
thetic rubbers, sharp changes of the moduli £’y and Z.~ (progressive increase in 
the case of SKB; curve with maximum for natural rubber)!® are not accompanied 
by changes of the relaxation properties which determine the rate of establish- 
ment of equilibrium in the deformed rubber. 
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From the viewpoint of the theories expounded in the preceding works con- 
cerning the molecular mechanism of relaxation during high-elastic deformation, 
this means that, during the vulcanization of soft rubbers, the conditions which 
determine the reaction between the molecular chains and the nature of heat 
transfer do not undergo any essential changes. 

Naturally, such a phenomenon can occur before the chemical bonds which 
are formed during vulcanization are distributed widely enough and their pres- 
ence does not lead to the heat transfer by the segments of the molecular chains 
between these bonds. In other words, the relaxation properties of the poly- 
mer remain practically unchanged, while the middle part of the chain between 
the bonds of the spatial network which form during vulcanization continues to 
exceed in size the part of the chain which enters into heat transfer in the capac- 
ity of an independent kinetic member. 


SUMMARY 


1. It is shown that the process of stress relaxation at different initial elonga- 
tions as well as the process of deformation at constant rate for unloaded rubbers 
at different temperatures (20-70° C) can be represented quantitatively by 
equations suggested in earlier works’. Likewise the possibility of expanding 
the theories proposed for the kinetics of high-elastic deformation of spatial 
polymers is substantiated. 

2. It is shown that the relaxation properties of soft unloaded vulcanizates of 
natural rubber and many synthetic rubbers do not undergo essential changes 
during vulcanization. 

3. The conjecture is expressed that the invariability of the relaxation prop- 
erties during vulcanization continues until the bonds of the spatial network are 
distributed sufficiently widely not to influence the activity or heat movement 
of the chain segments between them. 
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DETERMINATION OF INTRINSIC LOW STRESS 
PROPERTIES OF RUBBER COMPOUNDS 


USE OF INCLINED PLANE TESTER * 


W. B. Dunuap, Jr., C. J. GLASER, JR., 
AND A. H. NELLEN 


Lee Rupser & Tire CorPorRATION, CONSHOHOCKEN, PENNSYLVANIA 


Physical testing methods for vuleanized natural and synthetic rubber com- 
pounds as commonly employed today do not provide an accurate basis for 
evaluating service performance, especially in the case of tire compounds. 
Poor correlation between ordinary laboratory physical tests and observed per- 
formance in tire service on the road is the rule rather than the exception. 

Substantial improvement is needed in developing tests which are less sub- 
ject to the human variable, tests in which the criteria examined are more in line 
with the actual service conditions, and tests which are mechanically simple and 
easy to perform. One significant advance has been made in this direction by 
the development of the National Bureau of Standards’ comparatively new 
strain test!. This paper reports progress made by the Lee laboratories in de- 
veloping one phase of an evaluation system which more accurately predicts 


compound performance than do the methods previously employed. 

As a starting point for this work, it was decided first to determine the im- 
portant physical characteristics of a tire compound and, secondly, to devise a 
new test or alter an existing test to give the desired information. It is assumed 
that an accurate appraisal of the physical characteristics listed in Table I is 
required. 


TaBLe [| 


PuysicAL CHARACTERISTICS OF TIRE COMPOUNDS 


Tread Carcass 


State of cure State of cure 

Dynamic energy loss Dynamic energy loss 
Rate of wear Dynamic cord adhesion 
Crack initiation and growth Tearing resistance 
Static and dynamic ozone resistance Aging resistance 

Aging resistance 

Degree of reinforcement 


HYSTERESIS LOOP TEST 


The hysteresis loop test was one of the earliest tests to be used for measuring 
the hysteresis characteristics of vulcanized rubber®. It is not generally con- 
sidered* an accurate index of hysteresis loss. 

However, the hysteresis loop, measured accurately at low stress over a 
series of cures, does provide a remarkably accurate measure of rate and state of 


* Reprinted from Analytical Chemistry, Vol. 23, No. 4, pages 638-643, April 1951. This paper was 
presented at the International Meeting of the Division of Rubber Chemistry of the American Chemical 
Society at Cleveland, Ohio, October 11-13, 1950. 
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cure. Furthermore, relationship between initial load and load on recovery at 
low stress correlates exceptionally well with observed heat generation in actual 
tire service. 

A 2-inch T-50 specimen is molded with a cross-section of 0.1 X 0.1 inch in 
the testing area. The end tabs of the specimen are 0.5 inch square and 0.1 inch 
thick. A series of samples is cured, for instance, for 10, 20, 40, 60, 80, and 100 
minutes at 280° F. The samples are conditioned for a minimum of 16 hours at 
75° F and 57 per cent relative humidity, and tested under those conditions. 
Tests are carried out on an IP-4 Serigraph inclined plane constant rate of load 
tester. The clamps used are T-50 type clamps set for a 2-inch jaw opening. 
A 5-pound carriage is used for tread-type compounds and a 2-pound carriage for 
carcass and gum-type compounds. The criteria observed are initial load, 
pounds per square inch at 50 per cent elongation (LI 50), load on recovery, 
pounds per square inch at 50 per cent elongation (LR 50), and hysteresis loss, 
LI 50 + LR 50 or I/R 50. Loop curves are drawn automatically on a re- 
corder chart. During the test, one end of the plane is depressed by means of a 
screw which travels at the rate of 22.6 inches per minute. The complete cycle 
for one test requires 41 seconds. 

Many of these hysteresis charts have been made on natural rubber, GR-S, 
GR-S-10, numerous low temperature polymers, and blends of natural and 
polymer; numerous types of acceleration and many other variables have been 
tested. A very considerable amount of work has been accumulated to deter- 
mine the discriminating power of this test, comparing it with a standard quick 
modulus test used for factory control and modulus as measured by normal 
stress-strain test. Duplicate evaluations have been made in comparing this 
test with standard stress-strain tests on many compounds. A considerable 
background has been established by comparing the loop test with standard 
stress-strain tests in the evaluation of rate of cure of natural rubber. It is used 
regularly as a quality control on state of cure of production batches in addition 
to standard quick modulus factory control tests. It will show clearly a differ- 
ence in rate of cure of compounds that, at best, is only indicated in normal 
stress-strain results. 

In the case of natural rubber, modulus follows the already established pat- 
tern of increasing through a maximum and then decreasing in value as time of 
vulcanization is increased. The maximum point is more clearly defined by 
the low stress-loop test than by standard stress-strain testing. 

This test shows that the empirical hysteresis loss ratio, I/R 50, always passes 
through a minimum value with this minimum value; in the great majority of 
cases it agrees with maximum modulus, although in rare cases time to minimum 
hysteresis follows time to maximum modulus at slightly longer cure. This 
strongly indicates that hysteresis properties are closely related to modulus, 
but not necessarily to optimum tensile strength. 

With synthetic rubber of the GR-S type, the low stress modulus increases 
progressively, reaching a point where the modulus change is so slight that it 
produces a plataeu effect. In some cases, which have not as yet been accounted 
for, the modulus does drop off as with natural rubber. The I/R 50 value usually 
passes through a minimum value, which is reached at states of cure which by 
other criteria are generally considered as long overcures. 

The lowest cure of a series may be used as a measure of scorch accurately 
enough for practical factory control. Table II shows the type of data obtained. 
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TABLE II 
Errect oF Time or CurE 


Cure Case A Case B 
(min. at A » ~ 
280° F) LI-50 LR-50 I/R-50 LI-50 LR-50 I/R-50 

10 86 — — 74 _ — 
20 129 60 2.15 116 43 2.70 
40 159 83 1.92 147 76 1.94 
60 154 74 2.08 157 83 1.89 
80 145 65 2.24 157 82 1.89 

100 140 60 2.33 156 81 1.93 








These data represent two types of acceleration in a crude rubber tread com- 
pound with 50 pounds per hundred of rubber loading of a blend of high abrasion 
furnace and fine furnace blacks. The readings are in pounds per square inch. 

In case A, the compound develops its maximum modulus at approximately 
40 minutes, and also at this point the measure of hysteresis loss has reached a 
minimum, followed by a definite drop in modulus and rise in hysteresis loss 
ratio at longercure. In case B, the maximum modulus and minimum hysteresis 
ratio are reached in approximately 60 minutes and show only a slight change at 
100 minutes. 

The authors’ interpretation of the data is that, in case A, optimum hysteresis 
properties have been reached at approximately 40 minutes and, in case B, at 
approximately 60 minutes. 


(Numbers designate time of cure: 1 = 10; 2 = 20;3 = 40;4 = 60;5 = 80;6 = 100 min.) 


5 


POUNDS 


50 100 150 200 
% ELONGATION, ACTUAL STRETCH 


Fie, 1.—Test charts. Left. Case A. Right. Case B. 
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The hysteresis loss of case A in 40 minutes is approximately equal to that of 
case B in 60 minutes, showing equivalent heat build-up properties for the two 
stocks at their own respective time levels. 

The accelerator in case A develops a somewhat peaky cure curve with 
respect to both modulus and hysteresis change with time of cure, whereas the 
accelerator used in case B develops more of a plateau effect. 

The modulus level of both compounds is similar. 

Finally, because of its lower 10-minute modulus level, B is less scorchy than 
A. It may be noted in Table VI and Figure 4 that a compound containing 
benzothiazyl disulfide is more scorchy than the one containing mercaptobenzo- 
thiazole. The disulfide is not normally considered as scorchy as the thiazole, 
but unexplained reversals have been experienced in the factory on occasion with 
high-abrasion and high-modulus furnace types of black. 

Because the correlation between conventional tensile testing and road test- 
ing is questionable, and heat generation is one of the most important factors to 
consider in tire development, the loop test provides a good keystone for an 
evaluation system. The minimum hysteresis point is clearly defined in the 
case of natural rubber. However, in an analysis of synthetic-rubber com- 
pounds, judgment must be used in selecting the proper cure, for in most cases 
there is no minimum point. It would appear from the work so far that the 
point to be selected is the beginning of the modulus plateau. 

The phenomenon of modulus passing through a maximum and then de- 
creasing, which occurs always ‘n natural rubber and occasionally in GR-S 
types, is difficult to resolve. 

If we assume chemical cross-linkage to be the result of vulcanization, these 
data would indicate that with vulcanization carried into the range of what is 
by normal concept overcure, there is some breakdown of the cross-linkage 
structure formed in the early part of the cure in the case of natural rubber. 

A comparison of the data on natural rubber and GR-S could also be inter- 
preted to show either a difference in the type of cross-linkage or a more stable 
linkage formed in the case of GR-S, or a combination of both. 

Figure 1, a reproduction of the actual test charts for these two sets of data, 
serves to illustrate graphically the points referred to in Table II. The wavi- 
ness of the lines does not represent the result of inertia in the testing apparatus. 
It is apparently related to resilience, 7.e., a more resilient rubber compound 
shows a greater degree of waviness than does a synthetic rubber compound 
of less resilience. The waviness increases in the same compound with increased 
state of cure. Actual values from wavy portions of the curve are normally 
taken using a French curve to determine the mean of the waviness. Also, in 
normal practice, only three tests are made per chart to improve accuracy in 
reading. All six cures are given in Figure 1 to show the continuity of the cure 
curves over the entire series. 

This test is extremely accurate and reproducible and is not subject to the 
human error found in the standard stress-strain curve. Samples are rejected 
for this test if they do not conform to limits of +0.003 inch in sectional dimen- 
sion, and all samples are inspected for molding defects. 

A statistical analysis is shown in Table III of 25 samples of a natural-rubber 
tread compound tested by this method. 

Observations have indicated that the stiffness relationship among several 
compounds varies, depending on whether the measurement is made at ex- 
tremely low elongation or at the more conventional 300 per cent modulus. 
The data in Table IV compare modulus from hysteresis loop measurements at 
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TABLE III 
STATISTICAL ANALYSES OF NATURAL RuBBER TREAD CoMPpoUND 


LI 50 LR 50 


Av. X (lb./sq. inch) 215.2 101.84 
Maximum (Ib./sq. inch) 221 110 
Minimum (lb./sq. inch) 206 97 
Standard deviation (c) 13.72 3.16 


25, 50, and 100 per cent elongation with corresponding measurements at 100 
and 300 per cent modulus, made on a Scott L-5 tester. The samples were cut 
from a group of 9.00—-20 10-ply highway tires which had been road-tested for 
approximately 20,000 miles. 

Seven different trends were included in this test; the main variable was the 
rubber hydrocarbon used, but there were slight variables in amount of plasti- 
cizer and accelerator. The numbers in parentheses following each load measure- 
ment indicate the relative order of stiffness; 1 is the stiffest compound. Stiff- 


TaBLe [V 
MEASUREMENT OF MopuLus 
Hysteresis loop Standard 

L25% L50% L100%  1100% 1300% 
GR-S-10 122(7) 186(7) 386(6) 400 2150(7) 
Natural 128(6) 192(6) 372(7) 400 2500(5) 
X-485 183(1) 262(1) 491(1) 450 2650(2) 
X-478 170(2) 245(2) 412(5) 485 2500(4) 
GR-S-10-natural 148(5) 226(5) 487 (2) 525 2400(6) 
X-485-natural 153(4) 230(4) 457(4) 500 2625(3) 
X-478-natural 156(3) 235(3) 458(3) 500 2675(1) 





Hydrocarbon 


ness relationship is the same at 25 and 50 per cent modulus, and at 100 percent 
changes in order are observed. At 300 per cent modulus, six of the treads are 
grouped together within a 275 pounds per square inch spread and the seventh 
is somewhat softer. 

Because the actual stress on a tire tread in service is more closely related to 
modulus at 25 to 50 per cent than to modulus at 300 per cent, the criteria 
observed at low modulus are believed to be more nearly representative. Low 
modulus measurements agree far better with observed hardness. 


TABLE V 


RELATION OF HysTERESIS Loss AND TEMPERATURE 


GR- 
GR- 8-10/ X-485/ X-478, 
8-10 Crude X-485 X-478 Natural Natural Natural 
I/R 50 hysteresis loss 2.64 1.86 2.47 2.53 2.34 2.26 2.42 
Goodrich Flexometer (AT° F) 41 30 38 41 32 26 26 
Tire temp. (AT7’° F) 117 96 lll 113 109 109 109 


On the same series of treads, a comparison was made between I/R 50 hys- 
teresis loss, A7’ measured by Goodrich flexometer, and actual tire temperature. 
The agreement between AT as measured by the Goodrich flexometer and actual 
tire temperature was not particularly good. The heat build-up on the part 
natural-part X-478 and the similar compound with X-485 was 4° F lower than 
the all-natural compounds, whereas the actual tire temperatures of both com- 
pounds were 13° F above the natural rubber. The agreement between I/R 
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Tasie VI 
EFrect OF ACCELERATOR VARIABLES 


Accelerator 





N- “ eaten ig 2-benzothiazole 
me 

Urek ab 

atl «mal disulfide 

Mercaptobenzothiazole 

2-Benzothiazyl-N,N-diethylthio- 

carbamy] sulfide 

Amax? 

Ridacto¢ 

Diphenylguanidine 

Normal lead salicylate 
* Not disclosed by manufacturer. 
> Retarded benzothiazyl type. 
¢ Amine soap. 


50 hysteresis loss and tire temperature was considerably better, as shown in 
Table V. Goodrich measurements were made under the following conditions: 
stroke 0.175, load 24 pounds 4 ounces, oven 212° F. 

A natural-rubber tread compound reinforced with high-abrasion furnace 
and fine furnace blacks was tested with ten accelerator variables. These vari- 
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Fie. 2.—Relation of time of cure and initialfload. 
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Fic. 3.—Relation of time of cure and initial load. 


ables are shown in Table VI and results are graphically shown in Figures 2 to 
5. LI 100 per cent and LI 150 per cent data are shown on the scorch cure only 
to determine the slope of the curve. 

The data in Table VII are typical of synthetic rubber of the GR-S type. 
Case A is standard GR-S and case B is the low temperature polymer X-478. 
Both are passenger tread compounds. 


Tasie VII 
Data on GR-S 
Case B 
A... 


LI LI 
100 150 


128 162 
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Tasie VIII 
CoMPARISON OF TIRE CURE AND LABORATORY PrEsS CURE 


, Cure Tubed tread Tire section 

380° F) LI 50 LR 50 I/R 50 LI: LR 50 I/R 50 
10 on No cure — — 
20 98 _ a , - 
40 150 51 2.94 5 59 2.61 
60 169 77 2.19 ~~ - — 
80 182 93 1.96 

100 179 90 1.99 





This illustrates the greater hysteresis loss of standard GR-S when compared 
to low temperature polymer X-478. The spread between maximum initial 
modulus is considerably less than the spread at maximum modulus on recovery. 
There is only a 6-pound differential between GR-S and X-478, with X-478 the 
higher of the two, whereas the GR-S is 20 pounds lower on recovered load. 
This is true in spite of the fact that the black loading on the polymer hydro- 
carbon was 10 per cent higher in the case of the X-478 stock. The minimum 
hysteresis loss ratio was 2.57 for GR-S as compared to 2.10 for X-478. 

The hysteresis loop provides a very accurate means of comparing tire cure 


ee 
| 
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20 40 60 80 100 0 20 40 60 80 100 
MINUTES AT 280° F. 


Fie. 4.—Relation of hysteresis and time of cure. 
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with laboratory press cure. The datain Table VIII compare a specimen cut 
from the tread of a freshly cured tire to the laboratory press cured series on 
the tubed tread compound. 
The data on the tire section indicate an equivalent cure of about 45 minutes 
at 280° F. 
220 
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Fic. 5.—Scorch at 10-minute cure. 


This test was used in an attempt to determine the effect of state of cure on 
road wear. Batches of the same compound with different rates of cure due to 
possible polymer variation were made into tires, which were road-tested on two 
test cars. 

State of cure was determined on the tire treads upon completion of test. 
After correction was made for car and weather variables, the data indicated that 
the state of cure within the range investigated had no significant bearing on 


TaBLe IX 
EFFEcT OF STATE OF CURE ON RATE OF WEAR 


Cure Slow cure Fast cure 
(min.at - A . r A ~ 
280° F) LI 50 LI100 LR5O I/R 50 LI 50 LI 100 LR 50 I/R 50 


20 76 98 - 89 113 — 
40 121 167 - — 138 210 5 5.52 
60 156 237 58 2.69 187 291 7 2.43 
80 161 252 66 2.44 198 329 ¢ 2.22 
100 161 260 66 2.44 187 316 ) 2.18 
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rate of wear. The results on the press-cured slabs are shown in Table [X and in 
Table X a comparison of hysteresis loop and milage is given. 


TABLE X 
CoMPARISON OF HysTERESIS Loop AND MILAGE 
Tire sections 
r An Wear, 
LI 50 LR 50 I/R 50 Miles/0.001 
203 105 1.94 80 
202 95 2.13 89 


196 85 2.30 86 
180 80 2.25 94 


180 69 2.62 83 
177 70 2.53 92 
171 68 2.52 80 
171 63 2.72 78 





The hysteresis loop data in Table XI illustrate the use of this test as a means 
of evaluating state of cure of natural rubber. Time to maximum modulus at 
low strain is shown for three lots of smoked sheets compounded in the ACS I 
rubber test recipe. 


TaBLeE XI 


Time To Maximum Mopvu.us 


Set, 
LI 50 LR 50 I/R 50 % 
55 48 1.15 5 
61 54 1.13 2 
62 56 1.11 2 


A comparison is shown in Table XII of tests on five bales from a single lot 
of natural rubber tested according to the standard stress-strain and by the 
hysteresis loop. The standard stress-strain test shows a considerable variation 
in rate of cure which was not evident in the loop test. Factory experience with 
this lot of rubber in tire compounds indicated that it was more correctly evalu- 
ated by the loop than by the standard stress-strain test. It could be predicted 
from the loop test that the factory control cure tests on the mixed compound 
would be fairly uniform and within specifications. Based on the standard 
600% modulus test, some of the mixed compound would be expected to be out- 
side the cure specifications on the high side with a substantial variation in rate 
of cure. The actual results were fairly uniform and average rate of cure fell 
slightly above the middle of the specifications. 


TasBLeE XII 
COMPARISON OF STANDARD STRESS-STRAIN AND Loop TEsts 


Standard Time to 
test, Mod. max. 
at 600% — LI 50 at 

40 at 280° F, 
Sample 260° F Min. 
525 40 
1300 40 
675 40 
1050 40 
500 40 
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The authors concur with the recent report of the British Rubber Producers’ 
Research Association‘ that evaluation of natural rubber for state of cure should 
be made at modulus under 250% elongation. 

The loop test has been adopted by this laboratory as an integral part of a 
revised evaluation system for compounds. In the operation of the revised 
system, the loop test is made and cures for the remaining tests are determined 
from the results. 


CONCLUSIONS 


A hysteresis loop test made at low stress over a series of cures provides an 
extremely accurate measure of state of cure. 

The test is accurate and reproducible when made on test pieces which have 
been conditioned and are tested under controlled conditions of temperature and 
relative humidity. Furthermore, the type of test machine used and the auto- 
graphic recording of the data practically eliminate the human element in test- 
ing. 

The accurate molding of the test pieces eliminates possibilities of error in 
gaging and compensating found frequently in the standard stress-strain test. 

The initial load data at 50, 100, and 150% elongation on the shortest cure 
in the series provide a scorch test which is accurate enough for practical factory 
control. 

The ratio of initial modulus at 50% elongation to modulus on recovery at 
50% elongation provides a measure of hysteresis loss or heat build-up. 

Measurements made in the range of 50% elongation appear to be a more 
accurate measure of the properties of tire stocks, because the test range more 


closely approaches the conditions under which tire stocks operate in service. 
Finally, the use of this test provides a considerable saving in testing time. 
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DYNAMIC PROPERTIES OF RAW 
AND VULCANIZED POLYMERS * 


R. S. Enasnir anp 8S. D. GEHMAN 


Tue Goopyear Tire & Russer Co., Akron, OHIO 


Observation of raw polymer elasticity appears probable in view of a sug- 
gestion made in 1831 by Poisson that even liquids exhibit shear elasticity with 
high velocity deformation'. This idea was based on experience with materials, 
such as pitch, which respond elastically to a sharp blow but flow under heavy 
loads of long duration. The familiar mechanical model of Maxwell*, consisting 
of a spring and dashpot in series, was devised to give a physical picture and 
permit mathematical formulation for this viscoelastic type behavior. 

If such a model is subjected to a low-frequency sinusoidal force, the re- 
sponse is similar to that of a viscous liquid. At high frequencies, however, the 
shear elasticity term is predominant. 

It is apparent that the frequency range in which each type behavior is mani- 
fest varies widely for different materials, and depends roughly on the ratio of 
viscosity to shear modulus. The elastic response which can be secured from 
polymer solutions, liquid polymers, and polyisobutylene had been investigated 
rather extensively in recent years, especially by Ferry and coworkers’, who used 
electromagnetic transducers covering a frequency range of about 20 to 1000 ep. 
and Mason‘ using shear waves generated by piezoelectric crystals in a frequency 
range of from about 16 ke, per second to 60 me. per second. Nolle® has recently 
published results of extensive investigations on the dynamic properties of 
vulcanized rubber. 

There seems to have been no application of the above methods to testing 
and studying raw polymers, such as butadiene copolymers, of particular interest 
in synthetic rubber development. The information available from published 
work made it probable that an elastic response could be secured from raw poly- 
mers in the audiofrequency range. Especial interest lies in the possibility of 
using such data for evaluating the elastic quality of raw polymers if the meas- 
urements can be made rapidly and accurately on small samples, such as result 
from bottle polymerizations. The response to alternating deformations is one 
of the most critical measurements of the essential rubberlike nature of a poly- 
mer. Plasticity measurements, on the other hand, emphasize the flow proper- 
ties. The extent of the persistence of the elastic properties of the raw polymer 
in vulcanized compounds is a fascinating and potentially useful objective for 
dynamic studies on raw polymers. 


EXPERIMENTAL METHOD 


It was found that the Goodyear Vibrotester could readily be adapted for 
dynamic measurements of raw polymers, the only changes required being in the 


* Reprinted from Industrial and Engineering Chemistry, Vol. 43, No. 2, pages 346-351, February 1951. 
This paper was presented before The Division of Rubber Chemistry of the American Chemical Society at 
its International Meeting in Cleveland, October'11-13, 1950. The work was carried out under the spon- 
sorship of the Office of Rubber Reserve, Reconstruction Finance Corporation, in connection with the 
Government synthetic rubber program. 
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type of test-piece and its mounting. The Vibrotester includes an electro- 
magnetic type transducer which is tuned to resonance for the dynamic measure- 
ment. Details of the apparatus and operating procedure have already been 
published*. The resonance frequency chosen for raw polymer measurements 
was in the vicinity of 60 cycles per second. It was measured in each case to 
about one fourth of a cycle by means of a vibrating reed frequency meter. The 
resonance vibration amplitude was maintained constant in all tests to eliminate 
variations of dynamic properties with amplitude. 

One of the principal problems encountered in making dynamic measure- 
ments on raw polymers was that of securing a test-piece of exact geometrical 
reproducibility, free of air bubbles, and one which could be prepared in a reason- 
able time. 

A satisfactory solution was achieved by molding the polymer between two 
concentric brass cylinders. A sketch of the test-piece is shown in Figure 1A. 


A" - TEST PIECE c°- mn 





FLOW 
VENTS 


———. CENTER 
PINS 





iA 
OVERFLOW 


Fig. 1.—Test-piece and mold. 


The dimensions were chosen to give a resonance response within the range of 
the Vibrotester and to permit mounting of the test-piece in the apparatus by 
means of fittings readily interchangeable with those ordinarily used in meas- 
uring vuleanized compounds under compressive vibrations. 

The polymer dimensions in the test-piece are $ inch long, jg inch outside 
diameter, and } inch inside diameter. Figure 1 includes a sketch (B) indicative 
of the way in which the test-piece is mounted in the Vibrotester. The outer 
sleeve is clamped and the inner sleeve is vibrated axially. The resonance fre- 
quency is determined by the axial stiffness or spring rate of the test-piece and 
the mass of the vibrating system according to the relation: 


Spring rate (dynes/cm.) = Mp? (1) 


where M = mass (grams) of the vibrating system and p = radian frequency 
(2xf) at resonance. 


The shear modulus is related to the spring rate by the following equation: 


5 2rSL 
Spring rate (dynes/cm.) = at (2) 
0 


2.3 log R, 
1 
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where S = shear modulus (dynes per sq. cm.); L = length (em.); Ro = outer 
radius of polymer; and R,; = inner radius of polymer. 

Introduction of the test-piece dimensions and the proper conversion factors 
in Equations 1 and 2 gives, at 60 cycles per second: 


S (kg. per sq. em.) = 0.00813 M 


The internal friction, n, is given by: 


2.3 Ro ; 
n= (57 lox 5) (3) 


b = proportionality factor between frictional force and velocity (dynes per cm. 
per second). 

In practice, 7 is obtained by use of the following relation which introduces 
the force calibration constant and amplitude magnification factor of the in- 
strument: 

, ; I 
n (kilopoises) = 10.17 7 (4) 
where J = driving current at resonance (amperes), 60 cycles, and 7 = length 
of amplitude trace (cm.). 


The resilience is given by: 
R (%) = 100e-?-419/8 (5) 


where 7 is in kilopoises and S in kg. per sq. cm. 

The linear amplitude of the vibrating system was +0.0182 cm. correspond- 
ing to a shear strain amplitude of +0.0764 radians or 4° 23 minutes. 

A sketch of the transfer-type mold used in forming the test-samples is shown 
in Figure 1C. Although not entirely satisfactory, it has, in general, given raw 
polymer test-pieces of good reproducibility when they were not obviously 
defective. 

It is necessary to prepare the metal surfaces of the test-piece to obtain 
polymer adhesion. In the case of raw polymers, painting such surfaces with a 
thin coat of Pliolite was found adequate. For vulcanized samples, Ty-Ply 
adhesive was used. 

In forming the sample, the mold and test cylinders are first heated to ap- 
proximately 290° F. The raw material is then loaded and the transfer molding 
completed, followed by a heating period of about 1 minute to allow for polymer 
expansion. The test-piece is then cooled while in the mold to room tempera- 
ture or below 

The Vibrotester was originally designed to use two vulcanized test-pieces, 
0.5 inch in diameter and 0.5 inch high. These were subjected to 8 per cent 
static compression, on which was superposed the compressive oscillations. 
This procedure is not suitable for raw polymers. The tubular test-piece which 
was developed for raw polymers could also be used for vulcanized samples, but 
care was required with the rubber-metal adhesion. Shrinkage on cooling after 
vulcanization sometimes gave trouble in securing good adhesion, especially 
with the gum stocks of some of the polymers studied. For this reason, many 
of the comparisons of dynamic properties of vulcanizates were made with the 
regular compression type of test-piece. It is probable that a flat test-piece 
with rubber sandwiched between two metal plates would be more universal in 
its adaptation for both raw and vulcanized polymers. 
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POLYMERS AND COMPOUNDS USED 


Polymers furnished by the Government laboratories were used in this work. 
Information furnished on these polymers is reproduced in Table I. 

Table II shows the compounds used in preparing gum stocks of these poly- 
mers. 

In addition, some stocks were prepared using the formulas in Table III. 

To supplement the raw polymers furnished by the Government laboratory, 
two series of butadiene-styrene copolymers were prepared in the Goodyear 


TaBLeE I[ 
POLYMERIZATION Data 


Raw 

Polymer- Hydro- Mooney 

ization carbon viscosit 

Sample temp. conver- (212° F 
no. tad BE) sion (%) ML-4 


GR-S, temperature variations 
122 61 61 
41 60 60 
14 59 58 
GR-S, conversion variations 
122 42 54 
122 55 53 
122 72 48 
122 75 39 
122 100 43 
GR-S, Mooney viscosity variation (compare with samples 6 and 7) 
9 122 73 60 
Polyisoprene samples 
131 58 48 
131 42 47 
12 41 58 43 


laboratory. These were made with butadiene styrene charging ratios of 
100/0, 90/10, 80/20, 70/30, and 60/40 using polymerization temperatures of 
122° and 41° F. In addition, sodium polybutadiene, high and low temperature 
polyisoprene polymers, and a series of copolymers of butadiene with ethyl 
acrylate and butyl methacrylate were prepared for this work. 


Tas.eA II 
Compounps USED 
(Cure, 120 minutes at 290° F) 


7 8 § Hevea 
Sample no. Parts 


00 





8 


Polymer 1 
Softener 5 
Zine oxide 5 
Sulfur 2 
Mercaptobenzothiazole 1 
Stearic acid 

25% Diphenylguani- 

dine masterbatch 


mh OF te 


5 


nw 


f=) 
oo) 
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TaBLe III 
ADDITIONAL CoMPOUNDS 
(Cure at 290° F: A, 120 min.; B and C, 90 min.) 


A B 
Parts 
A 





Polymer 00 
Zinc oxide : 

Sulfur 

Mercaptobenzothiazole 

N-cyclohexyl-2-benzothiazole sulfenamide 

Stearic acid 

Paraflux 

Pheny]-8-naphthylamine 

Agerite HiPar 1 

Easy processing carbon black wos — 10, 20, or 40 


Goodyear production polymers were used in observing the effect of Mooney 
plasticity on dynamic measurements. 


RESULTS 


To determine the overall reproducibility of the method, five test-pieces of 
polymer 9 were prepared and measured. The results were as follows: 


S, kg./ 
Test piece sq. cm. n, kilopoiser; 
6.72 3.00 
6.60 2.84 
6.72 3.00 
6.38 80 


6.38 84 


C 


Av. deviation from 2.1 
mean, % 


This degree of reproducibility seems to compare favorably with that secured 
in other methods of rubber testing. 

A study was made of the effect of plasticity on the dynamic measurements. 
To do this, Goodyear production polymers, X-520 and X-509 (cold rubbers) and 
X-361 (GR-S) were milled for different lengths of time to provide a series of 
samples having Mooney plasticities from about 70 to 35. The resilience values 
determined for these samples are plotted in Figure 2. The resilience is char- 
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Fra. 2.—Mooney plasticity vs. resilience. 
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acteristic of the polymer and independent of its Mooney plasticity. The 
dynamic modulus and internal friction were also constant for any one of the 
polymers within the limits of experimental error for this range of Mooney 
plasticity. 

Relatively long relaxation times associated with the molecule as a whole are 
effective for determining the Mooney plasticity as evidenced by its dependence 
on molecular weight. The dynamic measurements, on the other hand, are 


— 


COMPOUND A 
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Fic. 3.—Dynamic modulus ts. frequency. 





probably influenced primarily by shorter relaxation times associated with 
smaller units of structure, such as segments of the molecules. Figure 3 gives 
plots of dynamic modulus versus frequency for a raw production GR-S gum 
stock and a cured Hevea gum stock; these illustrate the extent of the depend- 
ence of modulus on frequency under the test conditions. 

It is reasonable to suppose that the molecular structural elements which 
determine the dynamic properties of a raw polymer tend to persist and deter- 
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r 1 l 
300 40 50 3=—s« 60 


GUMSTOCK DYNAMIG MODULUS 
KG./CM* (CURED - COMPRESSION) 


Fig. 4.—Modulus correlation for raw and cured polymers. 











DYNAMIC PROPERTIES OF POLYMERS 


e¢,7e 
t— USUAL RANGE 
FOR HEVEA 


8 


12— POLYMER NO. 


> 
| is 


RAW POLYMER RESILIENCE % 
(SHEAR) 
J 
S$ 


Ss 


j i / i j 1 i 
10 20 300=—s 40 50 660 
CURED GUMSTOCK RESILIENCE % 
(COMPRESSION) 


Fig. 5.—Resilience correlation for raw and cured polymers. 








mine these properties in a vulcanizate of the polymer. Vulcanization, which is 
primarily the formation of a rather large network structure of cross-linkages, 
suppresses the type of plastic flow to which dynamic measurements have been 
shown to be insensitive. There should, therefore, be at least a broad correlation 
between the dynamic properties of raw polymers and similar vulcanizates pre- 
pared from them. The dynamic properties are of course, influenced by the 
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compounding and extent of cure, so an exact correspondence between values 
for raw and vulcanized polymers is not to be expected. As shown later, how- 
ever, the dependence on state of cure soon reaches a rather flat plateau as the 
cure progresses. 

Figure 4 shows the extent of the correlation observed between the dynamic 
modulus measured for the raw polymers listed in Table I and the dynamic 
modulus for corresponding vulcanizates compounded according to Table II. 
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Figure 5 shows a similar plot for the dynamic resilience. The dynamic meas- 
urements on the raw polymers seem to disclose basic properties which are in- 
herent in the molecular structure and which tend to persist through vulcaniza- 
tion. These properties probably control what can be accomplished in the way 
of compounding good elastic quality into a vulcanizate. 
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Fig. 7.—Effect of loading on internal friction. 


Figure 6 shows the effect of carbon black loadings on the dynamic modulus 
for unloaded, uncured, but compounded polymers 2, 4, and 7 and also for the 
corresponding cured compounds, formulas B and C. The two sets of curves 
are strikingly similar in their general characteristics. Figure 7 is the same’ 
type of plot for the internal friction. 

Figures 8, 9, and 10 show the effect of temperature variation on the internal 
friction, dynamic modulus, and resilience, respectively, for raw polymer 4 and 
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Fig. 9.—Effect of temperature on internal friction. 


its cured gum stock. The dynamic modulus decreases with increase in tem- 
perature, indicating that the molecular configuration mechanism for rubberlike 
elasticity is not controlling in this case; more probably a relaxation mechanism 
dominates. The dynamic modulus for the cured gum stock shows a much 
greater sensitivity to temperature at the low temperature end of the curve than 
does the raw polymer. The measurements at the lower temperatures evidently 
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bring into prominence differences in the relaxation spectra for the raw polymer 
and the vulcanizate. 

On the other hand, curves of internal friction vs. temperature (Figure 8) 
tend to deviate at the high temperature end of the curve, where the relaxation 
periods for the raw polymer may become so reduced that larger molecular seg- 
ments become mobile at the frequency used, and losses essentially due to plastic 
flow occur. 
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The resilience vs. temperature curves in Figure 10 reflect the effect of these 
factors and show a different dependence on temperature for the raw polymer 
and the cured gum stock through most of the temperature range. Throughout 
the high temperature end of the range, the resilience of the raw polymer de- 
creases as the temperature increases, whereas that of the cured gum stock im- 
proves. 
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Fic. 11.—Effect of temperature with charging ratio. 
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The curves in Figure 11 illustrate the temperature dependence of the re- 
silience for a series of raw butadiene-styrene copolymers with different charging 
ratios. For the range of temperatures studied, the resilience depends on tem- 
perature in about the same way for both high and low styrene ratios. 

Figures 12, 13, and 14 give plots of dynamic modulus, internal friction, and 
resilience, respectively, for two series of laboratory prepared raw polymers with 
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variable charging ratios of butadiene and styrene and polymerization tem- 
peratures of 41° and 122° F. 

The 41° F polymers are characterized by lower internal friction and higher 
resilience than the corresponding 122° F polymers. The points entered on the 
graphs for polyisoprene and sodium polybutadiene show that these polymers 
have very low internal friction and improved resilience. The polyisoprene 
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polymer prepared at 41° has significantly improved dynamic properties over 
that prepared at 122° F. The dynamic properties of the 41° F polyisoprene 
polymer compare favorably with the sodium polybutadiene polymer. 

Figures 15, 16, and 17 give plots of internal friction, dynamic modulus, and 
resilience, respectively, against curing time for polybutadiene, 60/40 butadiene- 
styrene copolymer, and Hevea gum stocks. Compound formula A was used. 
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The curing range starts with the uncured compounds and extends to pro- 
nounced overcures. The resilience trends shown in Figure 17 are particularly 
interesting. The resilience of the 60/40 butadiene-styrene copolymer is initi- 
ally higher than that of polybutadiene, but it does not improve so much with 
cure. As a consequence, at higher cures the resilience of the polybutadiene is 
superior. The high styrene content of the copolymer, which does not enter 
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Fig. 15.—Internal friction vs. cure. 


into the vulcanization reaction, is evidently responsible for this difference in 
behavior on vulcanization. It is reasonable that it should affect markedly the 
type of cross-linked structure which occurs on vulcanization. Possibly other 
compound formulations would develop better resilience values in high styrene 
copolymer vulcanizates. 

Figures 18 and 19 present the results of measurements on a series of buta- 
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diene-ethyl acrylate and butadiene-butyl methacrylate copolymers for both raw 
polymers and gum stocks cured with compound formula A. The effect of in- 
creasing the charging ratio of ester for the raw polymers is similar to the results 
previously given for styrene copolymers. The cured polymers in this series 
have the highest resilience for a 70/30 butadiene-ester charging ratio. 
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SUMMARY 


Theoretical considerations made it probable that the usefulness of measure- 
ments of vibrational properties of vulcanizates to evaluate rubberlike qualities 
and heat generation under flexing might be extended to raw polymers if a suit- 
able technique of measurement could be found. Such a technique was de- 
veloped and correlations between dynamic properties of raw polymers and vul- 
canizates were studied. 
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The test conditions, using low amplitude shear vibrations at 60 cycles per 
second, were such that effects due to plastic flow in raw polymers were sup- 
pressed and values of dynamic modulus and resilience were independent of 
plasticity. The data obtained showed a definite correlation between the 
dynamic properties of a series of raw polymers and those of vulcanized gum and 
tread stocks prepared from them. The effect of cure was measured throughout 
a range from the raw state to overcure for Hevea, polybutadiene, and butadiene- 
styrene copolymers. 

The ease of measurement, small quantity of material required, and the 
nature of the correlations observed indicate the usefulness of dynamic evalu- 
ations for raw polymers. Furthermore, it appears possible, with suitable back- 
ground, to anticipate fairly well from raw polymer measurements the dynamic 
properties that can be achieved in a vulcanized compound. 
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SOME PROPERTIES OF VULCANIZED 
RUBBER UNDER STRAIN 


DEGREE OF CRYSTALLIZATION AS CALCULATED FROM 
TEMPERATURE COEFFICIENT OF ELASTIC TENSION * 


B. B. S. T. Boonstra 


RvuBBer-SticuTinG, Detrr, HoLtaANpD 


The change with temperature in the elastic force, f, of stretched vulcanized 
rubber has attracted attention because of its positive value as distinct from 
most other elastic materials, e.g., steel springs. This has led to the develop- 
ment of the now generally accepted Mark-Guth-Kuhn theory of kinetic-statis- 
tical causes of the rubberlike elasticity. This theory shows the elasticity of rub- 
ber to be principally different from that of a steel spring and the elastic force to 
be very nearly related to the reaction force experienced when a gas is compressed 
under a piston in a cylinder. 

Wiegand and Snyder' treated the rubber pendulum, an application of the 
so-called Gough-Joule effect, thermodynamically and determined the tempera- 
ture coefficient of the elastic tension at elongations up to 700 per cent. At 
these high elongations they found a negative value for the coefficient, a fact 
which has not been confirmed by later authors. These experiments of Wiegand 
and Snyder are, however, obscured by relaxation of stress. The rate of relaxa- 
tion increases rapidly with increasing temperature, thus causing considerably 
lower tension. It is hardly possible to speak of a temperature coefficient in 
their case, as the change in tension is far from reversible. Meyer and Ferri? 


measured accurately at small elongations and found this term to be 


of 
dT / 1 
proportional to the absolute temperature only if corrected for thermal expan- 
sion. Meyer and van der Wijk* mention that this correction should not be 
applied in such a simple way, agreeing in this respect with Elliott and Lipp- 
mann‘, 

Accurate measurements with natural rubber and GR-S pure-gum vulcani- 
zates at various elongations are also reported by Roth and Wood!. 

; d ; : 

In this laboratory, measurements of (#) were carried out by Wild- 

L 
schut®, who first correlated the drop in elastic force on crystallization with the 
degree of crystallization. Later a more accurate treatment of the correlation, 
between degree of crystallinity and the resulting decrease in elastic tension was 
given by Flory’. 

Similar experiments, described in the present paper, were carried out with 
two well defined pure-gum vulcanizates at different elongations. The crystal- 
linity was estimated by determination of the heat of crystallization and change 
in internal energy. 

* Reprinted from Industrial and Engineering Contes, Vol. 43, No. 2, pages 362-365, February 1951. 
This paper was presented at the International Meeting of the Division of Rubber Chemistry of the American 


Chemical Society at Cleveland, Ohio, October 11-13, 1950. It represents Communication No. 143 of the 
Rubber Foundation, Delft, Netherlands. 
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TEMPERATURE COEFFICIENT OF ELASTIC TENSION AT 
VARIOUS ELONGATIONS 


Experimental procedure-—The mixes were vulcanized in a steam-heated 
press into sheets about 0.5 mm. thick. From these sheets 33.4 X 36.7 mm. 
rings were punched, and these were stretched over pulleys about 3 mm. in 
diameter. Rings proved to be preferable to dumbbell samples, as the latter 
need constant adjustment, owing to different contraction of the narrow and 
broader part of the dumbbell when the temperature is increased. As with the 
rings described there is still about 10 per cent difference between outer and 
inner diameter, another type of sample was tried—a ring 25 and 26.2 mm. thick 
and about 3.5 mm. broad. Although here the small difference between inner 
and outer diameter warrants a more homogeneous elongation, molding difficul- 
ties reduced the accuracy of the results with these samples to about the same 
amount as with the flat rings. 


TABLE [ 
Test MIxTuRES 


Dm 


Smoked sheet rubber 

First latex crepe 

Zinc oxide 

Captax 

Diphenylguanidine 

Aldol a-naphthylamine 

Tuads 

Stearic acid 

Sulfur 

Vulcanization at 142° C in press, min. 

Tensile strength, kg./sq. cm. 

Elongation at rupture, % 

Load at 300% elongation, kg./sq. cm. 

Hardness (Shore A) 

Elasticity (Shore B) 

Permanent set after 24 hours, 200% elongation 
measured 24 hours after release, % 0 

Specific weight E 0.96 
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The apparatus consisted of a jacketed vertical glass tube in which the 
sample was fastened to the bottom and the other end was suspended from the 
beam of a laboratory balance with a sensitivity of about 0.05 gram. 

The rings were put in the apparatus at the highest temperature of the range 
of the measurement, stretched to the desired elongation, and kept there until 
further stress relaxation during measurements was negligible. For elongations 
up to 300 per cent the highest temperature was 70° C and the relaxation period 
0.5 or 1 hour. After this period the temperature was lowered 0.5° C per min- 
ute to the lowest temperature (usually —40° C), and after that, increased 
again until the original value had been reached. 

The experiment was considered satisfactory when the tension after this 
cycle amounted to practically the value shown at the start. However, at 
elongations of 300 per cent and higher, the tensions of the return (increasing 
temperature) lay for an important temperature region at much lower values 
than for decreasing temperatures. The tension-temperature curves at de- 
creasing temperature were used for the calculations, on the argument that they 
must be nearer to the true equilibrium than the ascending branch of the curve. 
The latter contain less amorphous (mobile) rubber and, therefore, are less 





CRYSTALLIZATION AND TENSILE STRESS 


Load 
KOK mp 





SiOO%F 


Yel 


et. 


| VA 


3d0%el 
1 


orig cross section wy 
a a eee 
cl 





—_— 








° 
| __ 200% 


L +0§ 1.---- ZF — 100%! 
cpwslit 


é lee4 
_-— , 
oe? ‘ 
-48, if , ) 
fe 


i? , 























Ro ati T ate 
-57'| 78 emperature 
"-40 -20" 0 "20° 40° 60° 80 100° 120°C 


Fie. 1.—Tension-temperature relationship for mix 8. 





capable of reaching equilibrium (between stress and orientation or crystalliza- 
tion) than the more amorphous rubber which is present before the temperature 
was lowered. 

The measurements were repeated three or more times, and the average of 
the slopes and tension values is plotted in Figures 1 and 2. No corrections for 
thermal expansion were applied. 
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Discussion of results —At elongations below 300 per cent the relationship 
between tension and temperature is represented by a straight line; at 300 per 
cent and higher elongations, however, two rather sharp bends become visible. 
One, occurring above zero, is found increasingly higher for higher elongations; 
the other, less sharp, is found below 0° C and has the same trend but is less re- 
producible than the first. The straight lines at low elongations indicate the 
proportionality of the tension with temperature, and therefore must yield zero 
intercepts at absolute zero temperature. The same is valid at higher elonga- 
tions for that part of the line that lies above the temperature of the first discon- 
tinuity; here the rubber is wholly amorphous and its tension is proportional to 
the absolute temperature. When the temperature is lowered, crystallization 
sets in at a point 77 (the upper break in the curve), the temperature of incipient 
crystallization. Then crystallization increases with further cooling and causes 
a steeper descent of tension with temperature. However, the relationship can 
still be represented by a straight line, which extrapolated exhibits a strongly 
negative intercept. It is remarkable that the tension at 500 per cent elongation 
may become lower than at 400 per cent elongation at certain temperatures. 
At still lower temperatures a second transition point is encountered; below this 
the decrease of tension with temperature resumes roughly its original course. 
This can, however, not be accurately determined, as the measurements are less 
reproducible in this region and only a few points can be plotted. The second 
discontinuity would indicate that below this point crystallization no longer in- 
creases or increases only at a much reduced speed. These low-temperature dis- 
continuities lie well above the second-order transition point of natural rubber 
(—72° C) and even definitely above the brittle point (—58° C). 


ENERGY EFFECTS ON STRETCHING 


If an approximate equilibrium is assumed at the various temperatures, the 
tension may be represented by: 


_ (dE df 
ire (7).+ r(sr). 


At low elongations, when no crystallization occurs, the first term on the 
right is practically zero or has a small positive value; at higher elongations this 
is valid only at sufficiently high temperatures (above the temperature of incipi- 


dL 


axis at absolute zero temperature. 


ent crystallization). The term ( =) is equal to the intercept of the tension 
T 


The values for (77) that are actually found for the plot above the 
T 


temperature of incipient crystallization are given in Table II. 


TaBLe II 
EXPERIMENTAL VALUES FOR aL AT TEMPERATURES ABOVE 7% 
4 - 
Elongation (%) 300 360 400 500 550 
S compound (kg./sq. cm.) 0 —1 —4 —12 — 
T compound (kg./sq. cm.) 0 — —2 —7 —15 


These data show that only for 300 per cent elongation the rubber above T% 
behaves approximately as an ideally elastic material within the errors of the 
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measurements (about +1 kg. persq.cm.). If we are really determining equilib- 
rium values, this means that above 300 per cent elongation and at temperatures 
above Ti there are still effects which result in decrease of energy on stretching. 
Such effects have been called procrystallization, as probably some crystallites 
are formed during the cooling in this temperature region. 

At Ti crystallization sets in on a larger scale and consequently the tension 
decreases more rapidly with temperature. This has been shown clearly before 
by several investigators. 


Sg , gE\ . ? 
It is interesting to mark the value of (<7) in the temperature region of 
T 


increasing crystallization. Here the intercept is strongly negative because of 
the heat of crystallization which develops. 


‘ dE ; : P 
In Figure 3 the value of ( an is computed for various elongations. 
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Fia. 3.—Internal energy as a function of elongation. 


This curve holds not for one definite temperature but for the whole range of 
temperatures, the breadth of which depends on the elongation. 


7 


— dE : a 
The curves in Figure 3 for ( ) vs. elongation may be integrated up to 


dL 
300, 400, and 500 per cent, respectively. This integral is proportional to the 


1E ‘ Pe 
value of f( =z) aL for these, cases, 7.e., the actual change in internal energy 


on stretching. 

This energy calculated from the surface area, say to 500 per cent elongation, 
is the latent heat of crystallization developed when the sample is stretched 500 
per cent, provided that other energy effects of positive value due to increase in 
interatomic distances or distortion of valence angles remain small. At about 
20° C the values for S and T compounds are those listed in Table ITI. 
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TABLE III 
CRYSTALLIZATION ENERGY DEVELOPED ON STRETCHING 
To Various ELONGATIONS 
(Values in joules per cc.) 


Elongation (%) 300 400 500 
S compound 1.6 7.5 14.0 
T compound 1.6 5.8 10.8 


If the heat of crystallization of pure rubber is known, the degree of crystal- 
lization at these three elongations can be estimated in this way. 


LATENT HEAT OF CRYSTALLIZATION AND DEGREE OF 
CRYSTALLIZATION AT VARIOUS ELONGATIONS 


In 1929, van Rossem and Lotichius* determined the heat of crystallization 
of frozen first latex sheets which had been stored for between 10 and 14 years in 
a cool cellar. The measurements were carried out at 0° C by swelling frozen 
and thawed sheets in toluene in an ice calorimeter; the difference in heat of 
swelling of the two specimens is the heat of crystallization. The value found 
by these authors was about 5.0 calories per gram. 

This has been confirmed by experiments of Wood, Bekkedahl, and Gibson!?, 
who determined the heat of fusion by measuring the rise of the melting point 
through pressures of about 1200 kg. per sq. cm. Applying Clapeyron’s equa- 
tion, they found a value of about 4 calories per gram for a stark rubber which 
they considered not crystallized to its final value. 

The degree of crystallinity of frozen sheets, such as those studied by van 
Rossem and Lotichius, can be estimated to 30 to 35 per cent according to z-ray 
analysis by Arlman and Goppel"®, which agrees with their density measurements. 
This would indicate a heat of crystallization of the crystallites of 14.5 to 16.8 
calories per gram (60 to 70 joules per gram). 

Experimental.—As no accurate measurements of the heat of crystallization 
of rubber with a known degree of crystallinity are available, the author deter- 
mined this property with smoked sheet rubber about 35 years old, which had 
been stored in the cellar of the Rubber Institute at Delft. The degree of 
crystallinity of this sample as determined by z-ray analysis and density meas- 
urements amounted to about 38 + 2 per cent. 

The calorimeter was of the twin Dewar flask type, and the compensation 
heating method was used in most of the experiments. 

The temperature indicator was a mirror galvanometer sensitive to about 
10-* ampere, in combination with a tenfold copper-constantan thermocouple 
series. 

About 1 gram of frozen rubber was swollen in 25 cc. of toluene and the 
decrease in temperature was compensated by electrical heating. The experi- 
ments were repeated with amorphous rubber, obtained by heating the frozen 
sheets to about 70° C for about 15 minutes. The thermostat containing the 
Dewar flasks was kept constant at 0° C with ice water. 

The heat of swelling of frozen rubber (sheets 52 T) was determined as the 
average of ten measurements. 


.O joules 


Crystallized rubber, average 34. 0 
.2 joules 
.2 


7+3 
Thawed rubber, average 49+1 





= 
+ 
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Crystallization 30 4.2 joules 
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Measurements at 11° C carried out at the University of Groningen with the 
same rubber gave lower results. 
Swelling frozen sheets 23.0 + 2.0 joules 
Swelling thawed sheets 0.95 + 0.08 joule 


Crystallization energy 22 +2 joules 


Taking the average heat of crystallization 25 joules per gram for the 38 
per cent crystallized sheets, the latent heat of crystallization for the crystallites 
is computed as 66 joules per gram. This may be compared with the heat of 
melting of isoprene at 126° C, which amounts to 70.9 joules per gram". 

Taking into account the specific weight of the S and T vulcanizates and 
their crude rubber contents, total crystallization would develop 58 joules per 
ee. of vulcanizate. 

With this figure as a base, we can evaluate the energy effects in stretching 
mentioned in Table ITI. 

In Table IV the degree of crystallinity calculated from Table III is com- 


TABLE IV 
DEGREE OF CRYSTALLINITY COMPUTED BY ENERGY MEASUREMENTS AND 
DETERMINED BY Direct X-Ray ANALYSIS 


Elongation, S Compound, ; 4 nd, 
% Method % () 


300 Energy 2.8 2.8 
X-ray 4 5 

400 Energy 13 10 
X-ray 15 10.5 

500 Energy 24 19 
X-ray 30 19-22 


pared with the figure determined by direct z-ray analysis taken from the in- 
vestigation of these compounds by Arlman and Goppel!®. 

It is obvious from Table IV that there is fair agreement between the 
energy-computed crystallization figures and those measured by direct z-ray 
analysis, though the energy tends to yield somewhat lower values. As 
neither method gives very accurate figures, a better agreement is not to be 


expected. 
CONCLUSION 


The degree of crystallization of stretched vulcanized pure-gum compounds 
can be determined by calculating the differential and integral energy effects on 
stretching from the elastic tension vs. temperature measurements, on the as- 
sumption that the plots represent equilibrium tension values. The percentage 
of crystallinity figures calculated in this way at various elongations agrees 
fairly well with figures obtained by direct x-ray measurements. 


SUMMARY 


To elucidate the crystallization phenomenon in natural rubber and to in- 
vestigate the applicability of thermodynamic calculation to measurements of 
the elastic tension as a function of temperature, it seemed necessary to check 
whether crystallization determined by z-ray analysis (and combined with 
density) lined up reasonably with the percentage of crystallization computed 
from the energy change found by applying thermodynamics to stretched vul- 








852 RUBBER CHEMISTRY AND TECHNOLOGY 


xanized rubber) on stretching. Calorimetric measurements were desirable, as 
no accurate figures are available for the heat of crystallization of rubber 
crystallites. 

The heat of melting of rubber crystallites was determined to about 66 joules 
per gram, which is of the same order as that of isoprene. The spreading in the 
results was large; the determination is based on the degree of crystallization 
found by z-ray analysis of raw rubber. The heat of crystallization on stretch- 
ing, found by thermodynamic evaluation of the elastic tension and its tempera- 
ture coefficient, is combined with the value of 66 joules for the heat of melting 
of the pure rubber crystallites. The degree of crystallization calculated in this 
way agrees reasonably well with the direct x-ray measurements of Goppel and 
Arlman. 

Crystallization as determined by x-ray analysis and that responsible for the 
energy change on stretching are much the same. This also means that thermo- 
dynamic evaluation of the change of stress with temperature is justified if 
eufficient relaxation of stress has taken place. 
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THE EFFECT OF SULFUR ON THE OXIDATION OF 
SODIUM-BUTADIENE RUBBERS * 


A. 8S. Kuzminsxil, T. G. Deoreva, K. A. Lapreva, 
AND N. N. LEZHNEV 


ScientTiFic ResearcH INSTITUTE OF THE RusBBER INDUSTRY, Moscow, USSR 


In the vulcanization of rubber and in the service performance of vulcanized 
rubber products, oxygen and free sulfur are always present. Consequently it 
is important to know the effect of sulfur on the oxidation of rubber. The pres- 
ent work is devoted to an investigation of the oxidation of a sodium-butadiene 
polymer in the presence of sulfur’. 

Dogadkin and his associates? established the fact that oxygen has an influ- 
ence on the nature of the structural changes of rubber during vulcanization. 
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Fig. 1.—Curves of the kinetics of the oxidation of rubber containing various percentages of sulfur. 


1.—No sulfur. 

2.—0.09 per cent sulfur. 
-—0.18 per cent sulfur. 
.—0.25 per cent sulfur. 
.—0.61 per cent sulfur. 


The present authors have shown that any sulfur which is chemically com- 
bined with rubber does not appreciably affect the kinetics of its oxidation, and 
that free sulfur, in solution in rubber, interferes with autocatalytic oxidation. 
The higher the concentration of sulfur, the greater is this interference (see 
Figure 1). Introduction of sulfur into rubber during autocatalysis does not 
prevent the autocatalytic process, but hinders it noticeably (see Figure 2). 
The introduction of a secondary aromatic amine has been observed to arrest 
the process altogether’. This behavior of sulfur can be explained by its ability 
to react with intermediate oxidation products, since the rate of combination of 
sulfur is practically constant‘ (see Figure 3). 

In the form of volatile oxidation products of rubber, both in the absence as 
well as in the presence of sulfur, formic acid and formaldehyde are formed; 


* Translated for RusBpeR CHEMISTRY AND TECHNOLOGY by Alan Davis from Reports of the Acad. 
Sciences, USSR, Vol. 75, No. 2, pages 223-226 (1950). a ee 
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however, in the presence of sulfur, a smaller total quantity of volatile sub- 
stances is formed ; nevertheless, the ratio of formic acid to formaldehyde remains 
constant. 

The equilibrium concentration of peroxides in the presence of sulfur is 
notably lower than in its absence; it follows that the balanced concentration of 
free radicals is also lower in the presence of sulfur. 
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Fria, 2.—Influence of sulfur on the rate of autocatalytic oxidation of rubber when sulfur 
is added during the intensive stage of oxidation, 


1.—No sulfur. ae i 
2.—1.14 per cent sulfur added during 2.7 hours after initiation of oxidation. 


The rubber studied in the present work, under conditions of a high vacuum 
and at temperatures which did not exceed 90° C, underwent practically no 
structure formation. Introduction of sulfur into the rubber in an atmosphere 
of pure nitrogen caused structure formation and the loss of 16 per cent of the 
initial unsaturation. In this process a small quantity of sulfur was bound. A 


400 3 
a 


o 24 6 8 0 2 4 & 
Houfs of oxidation 


Fie. 3.—Kinetics of consumption of sulfur during the oxidation of rubber. At the initial moment of 
oxidation the concentration of sulfur was 0.3 per cent (0.084 mole per liter). 


similar experiment at 143° C gave the same small decrease of free sulfur. It 
may be assumed that this consumption of sulfur is related to traces of oxygen 
present in the system. 

All this leads to the conclusion that the reactions of rubber with oxygen and 
with sulfur are an interrelated process. The oxygen starts a chain process, 





EFFECT OF SULFUR ON OXIDATION OF POLYMERS 855 


which results in the formation of free radicals, which react with the oxygen, 
sulfur, and original rubber at the double bonds of the latter, or which become 
inactive as a result of regrouping or of some other process. Oxidation leads to 
rupture of the molecular chains, and polymerization causes structure formation’. 

The activation energy of the initiation of the union of oxygen with rubber at 
the double bonds of the main chains was 22.5 kcealories per mole’. 

The activation energy of vulcanization was 27 kealories per mole. This 
indicates that the rate of reaction of rubber with oxygen is much faster than 
that with sulfur. 

The basic qualitative difference between the action of oxygen and that of 
sulfur is that sulfur does not form any unstable intermediate products of the 
type of peroxides. Polysulfides do not start a chain reaction. 

The length of the oxidizing chains’ is proportional to the probability of 
formation of a chain; this depends on the concentration of double bonds in the 
rubber (C) and, in turn, is proportional to the probability of rupture 8. By 
this is meant only rupture with the inhibitor, since in films of rubber the prob- 
ability of regrouping is slight. 


0 2 


] 
2: @. & ) oe 
Hours of oxidation 
Fria, 4.—Oxidation curves of rubber containing no sulfur. 


1.—Experimental. 
2.—Theoretical. 
Q is the number of moles of oxygen absorbed per liter of rubber. 


The probability of rupture for the inhibitor 8; is proportional to the con- 
centration of the latter; that is, K; = o;[¢]. If this concentration is 1 gram- 
mole per liter of rubber, K = o;, that is, it is equal to the molecular constant of 
rupture for the given inhibitor. The role of the latter in our experiment was 
played by the oxygen and sulfur. 

The rupture constants for oxygen and for sulfur (go, and og) are expressed 
by the equations: 


eae = La 0eOrIv2 
: 7:02] : y[S] 


where 7; is the length of an oxidizing chain in the absence of sulfur, and +2 the 
length in the presence of sulfur. 

The lengths of the chains can be determined during the static period of 
oxidation (in the segments of maximum rates). At this stage of oxidation, the 
rates of formation and decomposition of the peroxides are equal, and inasmuch 
as the rate of consumption of oxygen in the chain reaction is greater than the 
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rate of decomposition of the peroxides, the relation of these quantities gives the 
length of the chain. 

During the oxidation of sodium-butadiene rubber, when 90° y, = 3.1, if 
0.3 per cent sulfur is introduced into the rubber, v2 (90°) = 1.8. From these 
values, it follows that oo, 1000 and os > 62, that is, the probability of 
rupture for sulfur is 16 times smaller than the probability of rupture for oxygen, 
provided the concentration of both elements is equal. If account is taken of 
the fact that, with the introduction of 3 per cent of sulfur, the initial concentra- 
tion of the latter is 23 times greater than the concentration of oxygen dissolved 
in the rubber, then the probability of rupture for both substances in the initial 
stages of the reaction is approximately the same’. 

It has been shown that the rate of autocatalytic oxidation of rubber (w6,) 
is expressed satisfactorily by the relation®: 


wo, = K,[C][P] (2) 


where P is the concentration of peroxides. K- includes the constant of the rate 
of reaction of the radicals with oxygen (K6,), the ratio of the equilibrium con- 
centrations of peroxides and radicals, k, and, in the denominator, the rupture 
constant for oxygen go,. When sulfur is present, the sum of the probabilities 
of rupture for oxygen and sulfur are found in the denominator. 

Since the total rate of absorption of oxygen ws includes the rate of the 


secondary reactions, it is necessary to introduce a correcting factor into Equa- 


tion 2. This factor was found empirically, and is equal to i wort where 


n is a constant which depends on the temperature, and Q is the concentration of 
oxygen bound by the rubber. 

For the oxidation of sodium-butadiene rubber at 90° C, the kinetics of 
absorption of oxygen is expressed by the equation (without sulfur) : 


pe = 8:88 X 10-§ X [CILPILO2] 
@ (4.3 + 16[S8])(1 — 0.2[Q]-*) 
Figure 4 shows the experimental curve of absorption of oxygen during the 


oxidation of rubber containing sulfur, and the corresponding curve constructed 
according to Equation 3. 





(3) 
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RELATION OF PEROXIDE DECOMPOSITION 
TO RUBBER DEGRADATION * 


C. E. KENDALL 


Dun.op Russer Co., Lrv., BrraincHamM, ENGLAND 


A controlled amount of oxidative degradation of natural rubber is required 
for mastication and for preparation of highly softened, “depolymerized”’ rub- 
bers!. The importance of oxygen in mastication has recently been stressed by 
Blow and Wood?, who have shown that little breakdown occurs in absence of 
oxygen even when chemical plasticizers such as mercaptobenzothiazole are 
used. It is now generally agreed that the first recognizable product of au- 
toxidation of rubber and other olefins is a peroxide, and it appears probable that 
oxidative scission occurs largely if not entirely as a result of peroxide decom- 
position; possible mechanisms of decomposition of hydroperoxides have been 
discussed—for example, by Farmer* and by George and Walsh‘. In a survey of 
oxidative degradation of polymers, Tobolsky® concludes that at low tempera- 
tures the George and Walsh mechanism is probably the most important; the 
general postulate is that fission of the O—O bond to give an RO- radical is 
normally followed by fission of the weakest adjacent C—C bond to yield an 
aldehyde or ketone and a hydrocarbon radical. As Farmer has emphasized, 
only a small fraction of the decomposing peroxide actually causes scission, but 
this fraction is of vital importance. 

In protecting rubber from oxidative degradation, most of the normal anti- 
oxidants act by reducing the rate of oxygen absorption, probably by acting as 
H-atom donors to the free radicals involved in the chain propagation process of 
peroxide formation, as indicatedby Boll and and ten Have for phenolic 
inhibitors*. Le Bras and his co-workers’, however, stated that another mode 
of protective action exists and that eertainm compounds, such as mercapto- 
benzimidazole, can retard the deterioration of physical properties without ap- 
preciably altering the rate of oxygen intake. It was suggested that these sub- 
stances act by deactivating the peroxides formed. 

It appeared, therefore, that the reactions of peroxides with mercaptobenzi- 
midazole (MBI) would be worth some consideration, and that a comparison 
with the reactions of mercaptobenzothiazole (MBT) and also with simpler com- 
pounds such as thiourea and thioamides would also be of interest. Both MBI 
and MBT yield the corresponding disulfides on mild oxidation, whereas hydro- 
gen peroxide in excess can bring about further oxidation; in alkaline solution, 
2-hydroxybenzimidazole and 2-hydroxybenzothiazole are formed, and in acid 
solution, benzimidazole and benzothiazole are formed* from MBI and MBT, 
respectively. The reactions between thiourea and peroxides have been more 
thoroughly investigated, particularly by Béeseken®. In acid solution, thiourea 
is oxidized to the cation of formamidine disulfide; the free disulfide is unstable 
and decomposes to give thiourea, sulfur, and cyanamide. 

* Reprinted from Industrial and Engineering Chemistry, Vol. 43, No. 2, pages 452-455, February 1951. 


This paper was presented at the International Meeting of the Division of the American Chemical Society 
at Cleveland, Ohio, October 11-13, 1950. 
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In neutral solution, the calculated amount of peroxide (hydrogen peroxide or 
peracetic acid) yields formamidinesulfinic acid, but additional peroxide gives 
the sulfonic acid. The latter is less stable than the sulfinic acid. In alkaline 
solution, hydrogen peroxide gives urea as a final product, derived from the 
hydrolysis of the sulfonic acid. Priesler and Berger!® found that the thiourea- 
formamidine disulfide system was reversible and obtained accurate oxidation- 
reduction potentials for thiourea and many of its derivatives. These were, of 
course, restricted to the pH range over which the disulfides were stable. 


REACTIONS OF PEROXIDES WITH MBI AND RELATED COMPOUNDS 


The published work does not, however, establish a detailed mechanism for 
reactions of these sulfur compounds with peroxides. Preliminary experiments 
on the reaction between MBI and tert-butyl hyd:operoxide showed a number of 
interesting features: the reaction was exothermic, and oxygen was evolved under 
certain conditions. For example, a solution of 1 gram of tert-butyl hydroper- 
oxide and 0.1 gram of MBI in 10 cc. of tert-butyl alcohol gave a rapid stream of 
bubbles of oxygen over a period of 2 hours at 70° C. Replacing the solvent by 
a 1:1 mixture of tert-buty! alcohol and benzene had little effect, but when either 
isopropyl! alcohol or cyclohexene was used in place of benzene, no oxygen was 
evolved. It was also noted that some acetaldehyde was formed when ethyl 
alcohol was used as solvent. 

These observations suggested a similarity to the hydrogen peroxide—ferrous 
salt reaction". The suppression of oxygen formation with isopropyl alcohol 
and cyclohexene was particularly significant, since these solvents are readily 
attacked by -OH and alkoxy radicals. Further evidence that a free radical 
mechanism was involved in these peroxide reactions was given by thiourea. 
The addition of hydrogen peroxide and a trace of thiourea to hydrochloric acid 
solutions of a number of aromatic amines gave in all cases the same color re- 
actions as those obtained with the hydrogen peroxide—ferrous salt test for these 
compounds. It seemed, therefore, that MBI, thiourea, and probably other 
related compounds could undergo a one-electron transfer to hydrogen peroxide 
and alkyl hydroperoxides and could, therefore, initiate attack on other com- 
pounds in the same way as other reduction activators. The initial reaction 
between MBI and a hydroperoxide would thus have to be formulated: 

H H 
N Nt 
Poem fi 
C=S + ROOH — C—S- + RO- + -OH 
/ \ 7 (or RO- + OH”) 


H H 
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H H H 
The thioketone structure for MBI has been used here because the infrared 
spectrum shows that this and not the thiol structure is the correct one!*; com- 
pare MBT which also has the thione structure”. 

A solution of cyclohexene hydroperoxide (0.033 M) in benzene in the pres- 
ence of 0.016 mole per liter of MBI showed complete decomposition of the per- 
oxide in 100 hours at 25° C, whereas a similar solution in cyclohexene gave an 
initially faster rate of decomposition. This, however, ceased when 0.016 mole 
of peroxide had decomposed. It has generally been found that the amount of 
peroxide decomposed was less when a readily attacked solvent was present. 
Incidentally, there was no detectable decomposition of either cyclohexene or 
tert-butyl hydroperoxides within 100 hours at 30° C in the presence of phenyl-f- 
napththylamine, as a typical antioxidant of the normal type; this is in striking 
contrast to the behavior of amines with benzoyl peroxide". 

During the early stages of the peroxide oxidation of MBI in fairly concen- 
trated solutions, a deep yellow color develops, and then fades as the disulfide 
begins to separate. A similar color is also seen in the oxidation of thiophenol 
to diphenyl] disulfide. Solutions of both diphenyl disulfide and MBI disulfide 
show thermochromasy, developing reversibly a yellow color on heating. In 
diphenyl] disulfide’® and in the similar case of MBTS" it has been established 
that the color is due to thermal dissociation into the radicals: 


and this is almost certainly the case for MBI also. It is probable, therefore, 
that the color during oxidation is due to the presence of the same free radicals; 
in this event, it would appear that the dimerization of the radicals is rather slow 
compared with the rate of formation. In the case of MBI, the yellow color of 
both the oxidizing solution and the hot disulfide solution are intensified by acid. 


PEROXIDE ATTACK ON RUBBER IN PRESENCE OF MBI 
AND RELATED COMPOUNDS 


The evidence presented suggested that the presence of MBI and a peroxide 
in rubber would lead to attack on the rubber and probably result in degradation. 
In fact, when MBI and an excess of either tert-butyl or cumene hydroperoxide 
was added to a benzene solution of natural rubber, a rapid decrease in viscosity 
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followed. A preliminary comparison of a number of related compounds was 
made, using 10 per cent solutions of rubber in benzene and adding 5 per cent 
tert-butyl hydroperoxide and 2 per cent of the other compound (both on the 
rubber content). Air was not excluded from the solutions, which were kept in 
stoppered tubes. The rubber used was smoked sheet which had been lightly 
milled before use to aid dispersion in the solvent. Viscosities determined after 
4 and 21 days at 20° C are given in Table I. 


TABLE | 
Viscosity at 20° C (poises) 





Solution After 4 days After 21 days 

No addition 90 (approx.) Negligible change 
Peroxide only Negligible change Negligible change 
MBI only Negligible change Negligible change 
Peroxide plus 

tert-Buty] thiol} 

Dodecy] thiol Negligible change Negligible change 

MBI disulfide 

Sodium diethyldithiocarbamate 18 10.9 

Thiophenol (benzenethiol) 10.8 5.8 

MBE 7.25 ; 

Thiourea 0.95 

Vulcamel (a-naphthalenethiol) 1.09 F 

Thioacetamide 1.28 5 

MBI 0.50 .2 

Ethylenethiourea 0.18 -— 


Most of the compounds which are effective contain thiocarbonyl groups and 
all except thioacetamide are readily oxidized to disulfides. (Thioacetamide 
gave no indication of disulfide formation in potentiometric titrations with io- 
dine; in acid solution sulfur was precipitated, and the end point corresponded 
with oxidation té acetamide + sulfur.) Aromatic thiols are effective in pro- 
moting degradation, and aliphatic thiols are inactive (at least under the condi- 
tions used here). ‘Thiouracil and 2-mercaptothiazole are also moderately 
effective, but 2-ethyl-mercaptobenzimidazole is quite inactive. 

To decide whether oxygen was required for the degradation, cumene hydro- 
peroxide was used instead of tert-butyl hydroperoxide, since there was less 
danger of oxygen evolution from the peroxide-MBI reaction. Solutions of 
natural rubber in benzene with the addition of MBI and peroxide were sealed 
one in nitrogen and one in air: the sample in nitrogen gelled within 2 days, and 
the air specimen was degraded. The available oxygen in the latter case was 
approximately 0.25 per cent on the rubber. A slow stream of oxygen passed 
through the solution accelerated the degradation. Diffuse daylight had a 
slight accelerating effect on the degradation during the early stages, but after 2 
or 3 days the differences in solution viscosities of light and dark samples were 
negligible. A more detailed comparison of the reagents is still in progress, 
but it is already apparent that the relative efficiencies and to some extent the 
order of the activities depends on the conditions. With lower concentrations 
of the reagents, the relative viscosity differences of the solutions are greater; 
ethylenethiourea is particularly outstanding. With the most active reagents, 
the degradation occurred mainly in the first few hours. In this comparison, 
5 per cent benzene solutions were used, with 0.015 mole of tert-butyl hydro- 
peroxide (used in the form of the commercial product containing some di-tert- 
butyl peroxide, assumed to be inert) and 0.004 mole of the second substance per 
100 grams of rubber. The sample vessels were stoppered to prevent evapora- 
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tion, but were filled in air. The products recovered from the lower viscosity 
solutions were viscous liquids (Table II). 


TABLE II 





Viscosity at 20° C (poises) 

Compound added r AW ~ 
(in addition to peroxide) 2 days 12 days 36 days 
Ethylenethiourea 0.16 0.12 0.10 
MBI 25.3 8.41 0.55 
Thiourea 29.0 2.42 0.30 
Zine diethyldithiocarbamate — 15.2 4.93 

MBT —— -- 22.1 


Addition to Hevea latex of peroxide and MBI also results in degradation. 
The general method used was to add peroxide followed by MBI (or one of the 
other compounds under consideration) to the latex, allowing to stand for varying 
periods, and then preparing rubber films by drying thin layers of latex. In the 
early stages, changes in these films were followed by measuring extension-time 
curves under a constant tensile stress. (Correction for changes in cross-section 
was made by applying the load through a cam of the appropriate contour.) 
Small variations in thickness in the dumbbell test pieces occurred, leading to 
differences in applied stress, but it was found that a sufficiently accurate cor- 
rection to a standard stress could be made by assuming a linear relation between 
stress and strain over the small range encountered. The stress was approxi- 
mately 4 X 10° dynes per square cm. Some films became too soft and tacky 
to be examined physically in this way. 

A comparison of the influence of varying concentrations of MBI and per- 
oxide was made on ammonia-preserved 60 per cent centrifuged latex, using the 
following concentrations of MBI and tert-butyl hydroperoxide: 0.1, 0.3, 1.0, 
3.0 per cent on the latex. Differences in films prepared after a few days; 
standing were rather small, but with increasing time some samples showed an 
increasing extensibility. As the curves were similar in general shape, compari- 
son of the samples could be made adequately by using the percentage of exten- 
sion after a fixed time of application of the stress, usually 5 minutes. 

The extensions of samples stored 7 days as latex and 100 days as rubber 
films (exposed to air but kept in darkness) are given in Table III. 


TaBLeE III 


Extensions (after 5-minute stress)(%) 
Peroxide added (%) ee 
0.1 0.3 1.0 3.0 


al ons 85 ee 
112 98 230 160 
128 109 275 155 
114 122 137 140 
114 109 90 97 








Neither MBI nor peroxide alone had any marked effect under these condi- 
tions, and the optimum softening was reached with 1 per cent peroxide and 0.3 
per cent MBI. Where considerable degradation occurred, the major part of 
the breakdown occured in a comparatively short period, after a long induction 
period during which the rate of change was small. The more heavily degraded 
specimens in the series showed this at about 3 to 4 months; these specimens 
reached a state roughly equal to that of a well masticated rubber and then 
showed little further change in another 4 months. In these samples, the period 
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of more rapid degradation was preceded by rather sudden development of a 
surface stickiness, which later disappeared. The slowness of degradation is in 
contrast to the behavior in solution, and further work is needed to find an ex- 
planation of this difference. 

Some of the softer products were insoluble even in aromatic hydrocarbons, 
suggesting that appreciable cross-linking accompanied the degradation. 
Addition of varying amounts of solvent (benzene and alcohol-benzene mix- 
tures) was made to latex samples, in the hope that the swollen rubber would 
show less cross-linking; considerable improvement in both rate and extent of 
breakdown was obtained even with 5 per cent added solvent. Possibly these 
additions aid the reaction by affecting the particle surfaces or by influencing 
diffusion of reactants into the rubber as well as by the swelling effect. It has 
been possible to prepare a plasticized rubber by allowing the treated latex to 
stand for a few weeks. Preliminary work on latex of lower pH suggests that 
improved results would be obtained by using neutral or acid latex. 

An investigation of the use of MBI and related compounds as plasticizing 
agents in mastication of solid rubber is being carried out. Evidence has been 
obtained that softening can be effected by MBI or thiourea alone, especially at 
higher temperatures. For example, mastication in a Banbury with 0.5 per cent 
of MBI gave a slightly softer product than the same amount of MBT. (Times 
of flow of equal amounts in an extrusion plastometer were 1.07 minutes for a 
control milled without any addition, 0.55 minute for the MBT treated sample, 
and 0.50 minute for MBI.) Although the product containing MBI was well 
plasticized and tacky (in the usual rubber technology sense of self-adhesion), 
the extreme surface stickiness which characterizes MBT plasticized rubber was 


completely lacking; this probably indicates a more homogeneous molecular- 
weight distribution. At lower temperatures, the degradation effect is more 
pronounced if peroxide is added. The most marked feature is that plasticiza- 
tion may be effected in the region of 100° C, where rubber without additions 
shows much less softening than at either higher or lower temperatures. An 
example of plasticization on open rolls is shown in Table IV. 


TaBLe IV 


Milling Milling Extrusion 
ap time time, 
(° C) Sample (min.) (min.) 


20 Blank 1.19 
MBI + peroxide* 0.59 
50 Blank 0.53 
MBI + peroxide* 0.18 
100 Blank 4.51 
MBI + peroxide* ; 0.79 


* MBI, 0.25%; tert-butyl hydroperoxide, 0.5%. 
CONCLUSIONS 


Most of this work on rubber degradation has been directed towards the 
possible industrial applications of the reagents, and it is apparent that a funda- 
mental study under more specialized conditions will be needed to establish the 
mechanism. At present, the available evidence is sufficient to suggest the 
following scheme as a working hypothesis: 

The initial reaction would be the production of hydroxyl or alkoxy radicals 
from the added peroxide and the sulfur compound. With excess of the latter, 





PEROXIDE DECOMPOSITION AND RUBBER DEGRADATION _ 863 


the radicals would presumably be used mainly in reaction with more of the 
sulfur compound: 


R,O 4 RS _ R,O- oo R.S* 


H* 


Attack by the alkoxy (or OH) radicals on the rubber would be by the normal 
a-methylene hydrogen abstraction, and this would be followed by peroxidation 
in the presence of atmospheric oxygen and by cross-linking (or possibly non- 
oxidative degradation) in the absence of oxygen. The sulfur compound would 
then react with the rubber peroxides as in the first reaction above, leading to 
scission reactions of the type indicated by George and Walsh‘. In a previously 
peroxidized rubber, addition of “external”? peroxide may be unnecessary. 
When MBI is present in large excess compared with the rubber peroxide, it 
seems possible that both these reactions would occur, leading to the formation 
of —CH:—_CH=C Me—CHOH— groups, thus deactivating the rubber hydro- 
peroxide. Such a mechanism would reconcile the apparent contradictions be- 
tween the work of Le Bras and that described in this paper. 

The possibility that radicals or radical ions from the various sulfur com- 
pounds can attack rubber directly, either by hydrogen abstraction or double- 
bond addition, must also be considered. Reactions involving further oxidation 
of the sulfur compounds are also probable side reactions, for example, the 
formation of sulfinic and sulfonic acids. - Incidentally, formamidinesulfinic 
acid in solutions made slightly alkaline with ammonia can cause degradation 


in the presence of peroxide. 

Finally, as would be expected, at least some of the thiocarbonyl compounds 
mentioned in this paper are capable of acting as reduction activators of poly- 
merization. A few preliminary experiments have shown that MBI, thiourea, 
and ethylenethiourea are capable of initiating the polymerization of styrene, 
acrylonitrile, and methyl] acrylate in the presence of tert-butyl or cumene hydro- 
peroxides. 


SUMMARY 


It appeared that an investigation of the reactions between peroxides and 
deactivators of rubber degradation, such as mercaptobenzimidazole, would 
help to explain the action of these sulfur compounds. Le Bras, who proposed 
the use of these compounds, considered that they function by deactivating the 
peroxides formed by autoxidation. 

It was found that mercaptobenzimidazole and simpler related compounds 
such as thiourea reacted with alkyl hydroperoxides with the formation of 
hydroxyl or alkoxy radicals and this led to attack on the solvent or on other 
molecules present, in a manner resembling the action of ferrous salt-hydrogen 
peroxide. This suggested that rubber would also be attacked and probably 
degraded. It was found that mercaptobenzimidazole with excess of peroxide 
gave rapid degradation of rubber in solution if access of oxygen was permitted. 
Thiourea, thioacetamide, some dithiocarbonates, and aromatic thiols were also 
effective, but aliphatic thiols and ethylmercaptobenzimidazole were ineffective. 
Softened or ‘‘depolymerized” rubber was prepared by addition of the reagents 
to rubber solutions or to latex. 

The use of these sulfur compounds in the presence of peroxides provides a 
means of obtaining a controlled amount of breakdown of rubber, and products 
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ranging from normal plasticized rubber to a viscous liquid can be prepared. 
Under different conditions, mercaptobenzimidazole may either promote degrada- 
tion (as shown in this paper) or retard it (as stated by Le Bras), and a possible 
explanation for this reversal of behavior is suggested. 
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RUBBER OXIDATION AND ANTIOXIDANT ACTIONS * 


S. Baxter, W. McG. Morean, anv D. 8. P. Roesuck 


Monsanto CHemicats Limitep, RvuaBon, DENBIGHSHIRE, WALES 


Many experimental investigations into the oxidation or aging characteristics 
of rubbers have been carried out during the last 30 years. Some have studied 
changes in physical properties during artificial aging and have linked these with 
culcanizate composition and with changes occurring during natural aging. 
Others have studied the kinetics and mechanisms of the chemical reactions in- 
volved. Both approaches have contributed much to the general body of 
knowledge on this subject. 

In more recent years, serious attempts have been made to correlate rate and 
extent of oxygen absorption with changes in physical properties, and conclu- 
sions drawn from this work have proved to be of considerable interest’. 

In most of the work reported, however, oxygen absorption experiments were 
carried out on one sample of rubber, using a laboratory absorption apparatus, 
and deterioration of the physical properties of different samples were deter- 
mined after aging for appropriate periods in an aging oven. Alternatively, 
direct measurement of the oxygen absorption of a tensile specimen during a 
given period of aging was made, and the properties of different specimens re- 
lated. To obtain significant results it has proved desirable to carry out a con- 
siderable number of repeat experiments and to subject the data to careful 
statistical analysis. 

In an attempt to overcome some of the difficulties inherent in such an ap- 
proach, a method was developed whereby simultaneous measurement of oxygen 
absorption characteristics and the change in elastic properties of a single speci- 
men of rubber during aging can be made under closely controlled conditions. 
It is believed that direct correlations of this nature can lead not only to a much 
deeper insight into the mechanism of aging, but also to more practical use of 
present knowledge of the chemistry and kinetics of polymer aging. The in- 
vestigation reported here is part of a larger investigation designed to lead ulti- 
mately to new means of improving age resistance of natural and synthetic rub- 
bers. 


THEORETICAL CONSIDERATIONS 


The vulcanization and oxidation reactions of rubber show kinetic character- 
istics of the type usually associated with chain reactions. These reactions, 
therefore, may be considered conveniently in three stages: 

Initiation—kinetically characterized by a period of accelerating reaction. 

Steady state—characterized by constant reaction velocity during which the 
rates of chain initiation and termination are equal. 

A stage in which the termination reaction outstrips chain initiation and 


reaction velocity decays. 

* Reprinted from Industrial and Engineering Chemistry, Vol. 43, No. 2, pages 446-452, February 1951. 
This paper was presented at the International Meeting of the Division of Rubber Chemistry of the American 
Chemical Society, Cleveland, Ohio, October 11-13, 1950. 
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Under the usual conditions of vulcanization involving low sulfur percent- 
ages, there is no evidence that requires postulating chain-branching phenomena, 
which are associated with excessive reaction velocity build-up, although multi- 
plication of reaction chains in this way may occur during the highly exothermic 
formation of ebonite. 

During rubber vulcanization a competitive reaction system exists: the hy- 
drocarbon radical may react either with sulfur or with oxygen, which, unless 
special precautions are taken, is. present, dissolved in the rubber. Also oxida- 
tion does not necessarily involve degradation of the polymer chains and it may 
contribute to the development of desirable physical properties by cross-linkage 
of polymer chains. 

Consider the fragment of the rubber molecule shown in Formula 1. It is 
evident that the formation of a free radical from such a molecule may occur in 
at least two ways, involving reactivity of the double bond as illustrated in 1A 
or of the a-methylenic linkages, 1B. 


CH, CH; 
C=CH-CH; 
CH CH, 
‘CH, 


CH;—C + X- 


CH 


CH;—C CH;—C 


CH + X——+ XH + CH 
| 


CH, CH—* 
| | (1B) 


Although it is well established that hydrocarbons such as 1-methyl-1-cyclo- 
hexene give high yields of a-methylenic hydroperoxide, this provides no evi- 
dence of the mode of initiations of the reaction, since the subsequent develop- 
ment of the chain may involve many molecules, and the radical type involved 
in the developing chain is not necessarily that involved in the initiation step. 

Bolland and Gee?, from a study of the thermochemistry of oxidative attack 
on a variety of olefinic substances, found that, for mono-, 1,3-, and 1,4-diolefins, 
both double bond and a-methylenic attack must be considered as likely, since 
the estimated reaction heats for both processes fall in all cases within the ob- 
served activation energies of reaction. 

The order of reactivity for double-bond attack was 1:3 > mono or 1:4, 
whereas for a-methylenic attack it was 1:4 > 1:3 > mono. 

Superficially, in a reaction of reasonable chain length, the position of initial 
attack, determining the nature of only a small percentage of product, would be 
of little importance. However, in a system involving chain-transfer agents a 
long reaction chain is replaced by a number of short chains, involving reaction 
of the same number of molecules. The number of initiation steps must thereby 
be multiplied, and the nature of the initiation product assumes an increasing 
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importance. Accelerators involving functional thiol groups are probably 
chain transfer agents. 

Experiments using squalene’ as a model substance have shown that peroxi- 
dation of rubber probably involves peroxides of two types—the oxidation in- 
volving initially the formation of an a-methylenic peroxide radical, which re- 
acts intramolecularly at the double bond, which then peroxidizes further form- 
ing a hydroperoxide. Kinetic data in conjunction with this constitutional 
evidence have led Bolland and Gee to postulate a reaction chain of the following 
type: 


CH, CH-CH, CH, CH—CH.— 
/ oo Va 
cOCH, ‘H,—C c—CH, 


Initiation 
CH—CH, 
2 CHz, | 
ofA H-¢ H. / 


Cao. | C* 
CH; > / 
2 (CH: CH; 


* 


6. CH, CH ¢ 


l y 
CH CH 
(B) Intramolecular peroxide radical 
CH, ,—CH-CH, CH, 
0.CH;-C O C—O,* CH;—C CH—CH, 
pita | | c<—oon 
CH 0 CH: CH; 
OH (D) 


Formation of diperoxide and new hydrocarbon radical 


CH O CH:CH; —> 
CH 


Several aspects of this mechanism command immediate attention: First, at 
each step where. an unpaired electron appears on carbon, competitive reaction 
for oxygen, sulfur, or a hydrogen atom must occur. 

R;—C* + O2 — R;C— O,* 
R;—C* -f- Sz _ R;C—Sz* 
R;— —C* + AH —> R;—CH + A* 
Secondly, there appears to be a reasonable chance that inter- rather than intra- 
molecular dialkyl peroxide formation can occur leading to an oxygen cross- 
linkage. 


CH; 7 
CH; 


cn,—- . 
a, Rea 
| 
CH: 
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Thirdly, the intervention of an antioxidant or chain transfer agent at the suc- 
cessive stages in chain development leads to oxygenated products which differ 
in structure and stability. 

We must now attempt to set up a variety of model circumstances and pre- 
dict the behavior to be anticipated in each case. 

Assume that we have a sample of vulcanized rubber containing a sufficient 
number of peroxidic groups, formed in the vulcanization process, to initiate 
further oxidation chains. Assume also that there is present an antioxidant 
which functions by a mechanism: 


R—* + AH — RH + A* 
2A* — A» 


and a chain transfer agent, say unreacted accelerator of the thiol type, fune- 
tioning by a mechanism: 


Ri* + HSR~R,H + R—S* 
R:H + R—S* — R.SH + R.* 


where R;— and R:— indicate variations in the bond energy of the C—H bond 
produced or ruptured. 
Alternatively, chain transfer could occur by the mechanism: 


R.OO* + R’—SH — R.OOH + R’—S* 
R’S* +RH -R.OOH + R* 
eee os — R.0.* 


There is, of course, a further possibility of destruction of radical chains: 


R’—S* + A*—R’/S—A 
2k’—S* — R’—S.8.—R’ 

It is evident that the fraction of the total number of radical centers occurring 
in the rubber molecules themselves is determined by the concentration and rate 
of reaction (lifetime) of the radical derived from the chain transfer agent. Also, 
the volume distribution of these active radicals is a function of the life of the 
chain transfer radical and its rate of diffusion in rubber. 

The total number of chains growing is a function of the antioxidant con- 
centration, and the nature of the intermediate oxidation products depends on 
the relative speeds of hydrogen atom transfer to radicals A, B, C, and D in the 
preceding scheme. 

If the accelerator-antioxidant initiates reaction by a process leading to 
radical A in the preceding scheme and this gives rise to peroxide radical B, then 
two possible reactions of radical B must be considered. It may acquire a hy- 
drogen atom forming the peroxide molecule, or it may form a bridged peroxide 
ring leading to a radical of type C. 

In the former the peroxide formed can decompose without chain scission, 
and it should be possible to have oxygen uptake without marked physical de- 
terioration of the rubber. However, some chain scission always occurs as a 
result of the oxidation of double bonds by molecular hydroperoxides. The 
oxygen uptake rate in this case involves the rate of reaction of oxygen with 
radical A, the rate of hydrogen atom donation to radical A, and the rate of 
oxidation of the hydrogen donating species, that is, of the chain transfer agent. 

If type C peroxide is formed, then chain scission appears together with 
transient cross-linkage, and development and subsequent decay in physical 
properties may be anticipated; the extent of opposed phenomena is largely 
controlled by the temperature coefficients of the two reactions. Type D 
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peroxide would be expected to decompose more readily and with even more 
drastic degradation. 

To disentangle the complex sequence of events outlined, it seems desirable 
to undertake stimultaneous experimental investigations of the kinetics of the 
reactions involved and the changes in physical properties of the rubber and, 
using this technique, to study the effect of additions of systematic series of 
reagents having varying hydrogen atom donating properties, giving rise to 
radicals of varying longevity. 


EXPERIMENTAL 


Apparatus.—The apparatus, which is the subject of a patent application, 
is shown diagrammatically in Figure 1. 
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Fie. 1.—Diagram of apparatus. 


The rubber sample, R, in the form of a thin disk 1.25 inches in diameter, is 
clamped between the flanged cylinders, C, so that an area 1 inch in diameter is 
exposed in the form of a diaphragm across the cylinder, CC. The cylinder 
assembly is attached to the remainder of the apparatus by means of two ground 
joints, SS, and can be surrounded by a thermostat bath, T. The latter is 
filled with a mobile silicone fluid and is equipped with stirrer, heater, and 
Thermistor temperature control unit‘; this allows the temperature of the bath 
to be controlled with a high degree of accuracy and to be set readily at any 
desired level. The apparatus is housed in an air thermostat controlled accu- 
rately at 34° C. 

The oxygen absorption system is of the constant-pressure type. Absorption 
of oxygen by the rubber causes the contacts in manometer tube N to break. 
This operates a Thyratron relay causing a current to pass through electrolyte 
in vessel D, and the gas generated forces the mobile silicone liquid in tube AB 
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upwards until the pressure in the apparatus is restored. Thus the rise of liquid 
in tube AB is a direct measure of the oxygen absorbed by the sample. 

The mechanical properties of the membrane can be obtained at any time 
during oxidation by using the following procedure: 


Tap T: is closed and Ts opened. The mercury level in tube EF is then ad- 
justed to its zero position, and the equal volumes of gas on either side of the 
membrane are isolated from each other by closing tap 7;. An excess pressure 
can then be generated on the left-hand side of the membrane by raising the 
mercury level in tube ZF, causing the membrane to be deformed into a spher- 
ical cap, the pressure difference, 6P, being determined by manometer tube M. 


Equation 6 expresses the volume displacement of the membrane, 5Vp, in 
terms of the volume displacement in tube EF (6Vo) and pressure difference 
(6P) ; thus, a series of results for Vr and 6P can be obtained at any time during 
the oxidation process. In practice the plot of stress against strain (6P against 
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Fic. 2.—System for stress-strain cycle. 


5Vr) approximated to a straight line the slope of which M can be used as a 
measure of the stiffness, or modulus, of the rubber membrane. 

Thus, during the period of aging it is possible to obtain a series of readings 
directly relating oxygen absorption (in ml./gram) to stress-strain properties 
(modulus) (6P/6V pr). 

Derivation of 5Vr.—The system is shown diagrammatically in Figure 2: 


Vo the volume on either side of the membrane when taps 7, 72, 77, and 
7’, are closed, and the mercury level in ZF is at zero. (In practice 
these volumes are arranged to be equal) 

the volume displacement of the mercury in tube EF 

the pressure difference as determined by manometer M 

the change in volume due to movement of the mercury in manometer 
M 

the volume displacement of the rubber disk 

the pressure in the apparatus, normally atmospheric 

the increase in pressure on left-hand side 

the increase in pressure on right-hand side for volume displacement 
5Vr 


5Vo 
6P 


iow i 


5VeR 
Po 
6P’ 
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For the left-hand side: 
PoVo = (Po + 6P’)(Vo — 6Vo0 + 6Vk + 6Vm) 
and for the right-hand side: 
PoVo = (Po + 6P”)(Vo — 5Ve — 5Vm) and 
(Po + 6P’) — (Po + 6P”) = 6P 
From Equations 1, 2, and 3: 


PoVo i PoVo 
(Vo —6Vo+ Ve +0Vmu) (Vo — 6Ve — 5Vwm) 


which simplifies to: 


(sv. — 2Viu + eet) + \\4 (a ) + 6Ve? + 4Ve? — 4V 05 Vo 








= 6P (4) 








5VR = 
or 


Vr = (ov, — 2Vu + a ve) 





7 2 aA lai 1/2 
oP,V, {1 + Vet4Ve — 4V0bVo 


h PoVo\? (5) 
i 1 (2) 


Using the negative sign and expanding to one term, which is quite justified 
with the present numerical values: 


2PoVo—-2PoVo— 1 BV + 4V 02 — 4V0V 
25Ve = 6Vo — 26Vu + aoe rs a os 
oro 


6P 
(Vo? + 4Vo? — 4V 06 V0) 








1 6P 
4P Vo 


Then since Vay = aP where a us half the cross-sectional area of the manometer 
tube M: 


= 6Vo — 26Vu — 





— 


5Vo (ee + 4Ve? — 4VdVo 


Equation 6 can be expressed conveniently as a series of curves relating 6P 
and 6V pe for given values of Vo and atmospheric pressure (Figure 3), and the 
successive values of 5Vz can be obtained readily. 

Procedure.—The procedure adopted during a typical experiment is briefly 
as follows: 


The rubber sample, cut from suitable thin molded sheet approximately 
0.025 inch thick, was clamped into position, and the cell assembly, S, C, C, S, 
was then attached to the main apparatus by the ground joints, SS. The sample 
thickness was chosen so that oxygen uptake by the rubber and not diffusion 
rate was the governing factor. Nitrogen was swept through the apparatus 
entering through tap 7; and leaving by taps 77, 7's, and 75; during this step, 
the liquid level in the tube AB was repeatedly raised and lowered by applying 
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pressure through tap 7,. After a few minutes the supply of nitrogen was cut 
off by closing trap 73; and the thermostat bath was placed in position. 

After adjusting the mercury level in EF to zero position, so that the volume 
of gas on either side of the membrane was equal, taps 71, 72, 77, and T's were 
closed and the rubber was passed through an elastic cycle by raising the mercury 
levelin EF in steps. Readings were made of the volume change, 6Vo, in EF and 
the pressure difference, 5P, in manometer M, and in this way a series of 5Vo 
and 6P readings with increasing 6P were obtained. 

The nitrogen was then replaced by oxygen through tap 73, using the same 
technique as was used to fill the apparatus with nitrogen initially, and the 
mercury in EF was adjusted to its zero position. Then by closing taps 73, 7, 
T;, and 7’, and switching on the Thyratron relay, equilibrium was reached in 
the apparatus with the liquid level in AB at a conveniently low position. This 
reading was arbitrarily taken as zero absorption. Finally taps 7’; and 7’, were 
closed to isolate the apparatus completely from changes in atmospheric pressure. 

Oxygen absorption was measured by the rise of liquid level in AB and stress 
strain properties, at intervals, by taking the sample through a series of elastic 
cycles as indicated above. 


RESULTS 


A summary of the results of an investigation into the aging characteristics 
at 120° C of four different rubber vulcanizates containing different accelerators 
and antioxidants is given in Table I. Duplicate measurements were made in 
each case. 

Figure 4 shows the oxygen absorption to time relationship for duplicate 


runs on each stock. 


17:5 4 








° 3 4 5 6 7 8 9 


Fig. 4.—Rate of oxygen absorption. Duplicate samples of four stocks shown in Table I. 
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8VpR (Displacement of Disc), Ml. 5VRr{(Displacement of Disc), Ml. 
Exposure, nil xposure, r. 
Absorption, nil Absorption 3.0 ml./gram 

M = 26 M_=.10.7 
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6VpR (Displacement of disc), Ml. 6VR (Diagacmnant of Disc), Ml. 
Exposure, 5.5 hr xposure, r. 
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Absorption, 12.9 ml./gram Absorption 19.8 ml./gram 
M =2.1 M = 0.80 


Fic. 5.—Typical stress-strain curves (sample C:, Table I, modulus, M = 6P/5VR). 
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TABLE | 


AcinG CHARACTERISTICS OF Four Stocks 


da 





Stock formula 


Pale crepe 
Zine oxide 
Stearic acid 
Sulfur 
Tetramethylthiuram disulfide 
Diphenylguanidine — 
Mercaptobenzothiazole 0.6 
Pheny!]-8-naphthylamine —_ 
Vulcanization (min.) 15 at 60 at 50 at 
126° C 141.5° C 134° C 
Samp le Ay Ao B Bz C, C, 
Savane weight (gram) 0.34 0.30 033 034 0.37 0.38 
Oxygen absorption rate 
(ce. ier) 

At 5 cc/g. level 7.23 7.35 3.31 3.19 2.32 

At 10 cc./g. level : 8.75 3.90 4.18 3.45 
Time (min.) for modulus to 


— 


llol wow w 
wowS y 


on On 
i=) 
eeiiee 


i=) 

ms 

eSo 
© 
Q* 


Ds; 
0.33 


—) 
Pa) 
aj” 


1.73 
1.90 


dh 
o& 


35 30 40 35 100 235 170 
75% (tr) f 50 59 63 195 ¢ 470 420 
Oxygen absorption (cc./g.) 
At tie 2.3 ; 1.2 1.2 2.2 3. 1.5 1.4 
At tis 4.1 3.3 1.9 2.4 5.7 § 7.3 6.3 


Figure 5 illustrates the type of stress-strain (6P/5V x) relationship obtained 


with one specimen (sample C;) after four periods of aging. 

Figures 6 and 7 illustrate the type curves obtained relating modulus (aver- 
age 5P/5VR) with time and modulus with oxygen absorption, the sample used 
in each case being Ci. 

Similar sets of curves were obtained for all samples tested. In every 
instance sample thickness was maintained at approximately 0.025 inch, and all 
samples had been stored in the dark at 25° C for at least a week before being 
tested. 








& a 
Fig. 6.—Typical curve relating decay of modulus to time of oxidation. Sample C:, Table I. 
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Fie. 7.—Typical curve relating decay of modulus to quantity of oxygen absorbed. Sample C:, Table I. 


Careful examination of all samples tested suggested that oxidation had 
proceeded in a homogeneous manner throughout the body of the rubber. 


DISCUSSION 


It has generally been concluded that for results to be of most value, oxygen 
absorption experiments must be carried out at constant pressure and under 
carefully controlled conditions in respect to sample prehistory, exposure to 
light, and temperature. The method outlined here is no different in principle, 
in these aspects, from several others previously described in the literature. 
It is novel, however, in respect to the following points: 


1. Measurement of deterioration in stress-strain properties can be carried 
out on the same sample and under the same conditions as is measurement of 
oxygen absorption. This eliminates a major criticism of many correlations of 
oxygen absorption with deterioration in physical properties made in the past®. 

2. A progressive series of correlations on the same sample is possible as 
aging proceeds, as measurements can be made as often as desired. 

3. The stress-strain determinations are made at low elongations and under 
two-dimensional stressing, thus secondary effects due to excessive orientation 
of the rubber chains are minimized. Moreover, the elongations employed are 
more in line with those that occur in practical applications than are the con- 
ventional test elongations. This is important in bringing testing into closer 
relation with service conditions. 


The actual stresses in the rubber membrane are difficult to determine with 
accuracy, and the application of the kinetic theory of rubber elasticity to. the 
type of deformation involved is at present under investigation. 

For practical purposes, the concept of a modulus value as the slope of the 
average straight line relating the pressure (6P) to the volume movement of the 
rubber sample (6V x) (Figure 5) has proved of value in interpreting results. 

The modulus value so obtained represents the sum of chain-scission and 
structure-forming reactions which have occurred during aging and, in its present 
form, the method cannot separate these types of processes along the lines indi- 
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cated by the stress relaxation investigation of Tobolsky and co-workers®. This 
does not reduce the value of the information gained from direct correlation of 
stress-strain properties with oxygen absorption, but it may limit interpretation 
of the data at a later stage when detailed consideration as to the nature of the 
chemical reactions involved is important. 

Figure 4 shows that for a period at 120° C, during which the physical proper- 
ties of the several rubbers had deteriorated to a very marked extent, the oxygen 
absorption proved to be autocatalytic in nature. This draws attention again 
to the fact that, under high temperature conditions, much of the damage to 
essential rubber properties seems to be done during the very early stages of 
oxidation, even in stocks which are well protected by antioxidant. 

Reproducibility of measurements has proved to be reasonably good, and 
since the work described here was completed, further improvements in tech- 
nique have been made. Until more work has been done on the effect of various 
factors, some limitations must be placed on the data. However, the summary 
in Table I demonstrates the capacity of the test procedure to define clearly 
the aging characteristics of four different stocks. 

The data also illustrate the very important role of vulcanization systems in 
determining the aging characteristics of a rubber sample and the inaccurate 
conclusions that could result if these characteristics were deduced from oxygen 
absorption studies only. For example, although the time required to attain a 
give percentage of deterioration in physical properties is the same for stocks A 
and B, rate of oxygen absorption is much higher in the case of stock A. Stock 
C appears to possess superior aging characteristics to stock B largely because a 
higher proportion of the oxygen absorbed seems to be directed into “‘inactive’”’ 
combination, although some reduction in rate of absorption is noted as well. 
Mercaptobenzothiazole has long been recognized as an excellent antioxidant, 
as well as accelerator, and these results emphasize the possible similarity of role 
played by this accelerator and the structurally similar antioxidant material, 
mercaptobenzimidazole, whose function as a deactivator was outlined by Le 
Bras and coworkers’. 

The role of phenyl-8-naphthylamine in reducing the rate of oxygen uptake 
is shown by comparison of the data given for stocks C and D. 

The results so far obtained have been sufficiently encouraging to warrant 
undertaking a more detailed program, and investigations along the lines indi- 
cated earlier in this paper are now in progress. Further consideration is being 
given also to modification of the apparatus to make it more robust and easy to 
operate and to correlate the information obtained for use with data obtained by 
other test methods. 
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INTRODUCTION 


In the study of vulcanization with natural rubber and other polymers of 
relatively high chemical unsaturation, it has always been difficult to represent 
the vulcanization process molecularly because of the complexity of the sulfur- 
polymer reactions. To circumvent this difficulty, reactions of small olefin 
molecules with sulfur have often been studied to obtain this molecular insight. 

Some investigators have resorted to cross-linking the polymer with agents 
other than sulfur to characterize the network for comparisons with physical 
properties. By cross-linking rubber molecules with diazo compounds, which 
add quantitatively to the olefin bond, Flory' has characterized the network so 
formed in a molecular manner and correlated the degree of cross-linking with 
physical properties. When correlating physical properties with degree of 
cross-linking in butadiene-styrene polymers, others? have cross-linked the 
polymer as a final step in the polymerization process. 

When a polymer of low unsaturation is used, many of the experimental 
difficulties are eliminated or reduced, and a more reliable stoichiometric picture 
of the phenomenon can be obtained. The emphasis in this work is placed on 
the chemical combination of sulfur with polymer rather than on any correlation 
with physical properties, and rests upon the ‘‘dimensions” of swollen polymer 
networks as related to total combined and organically combined sulfur. 

The low unsaturation of Butyl rubber* makes it possible to satisfy all the 
potential points of cross-linkage while still possessing a network that is soft 
and elastic. In actual practice, there probably is a small percentage of the 
reactive sites or points of unsaturation disposed in such a way that they cannot 
approach an active site in another molecule. Experimentally, however, one 
can obtain a “maximum” state of vulcanization where further vulcanization 
time or additional sulfur and accelerator do not contribute further to additional 
cross-linkage. This feature is utilized in the present investigations. 


EXPERIMENTAL PROCEDURES 


The Butyl rubber used in this study was commercial GR-I. It possessed a 
viscosity-average molecular weight (from the intrinsic viscosity in diiso- 
butylene) of 320,000 and a mole percentage unsaturation by ozonolysis‘ of 0.89 
percent. This polymer was compounded in a nonpigmented formulation with 
five accelerators derived from dithiocarbamic acid, but for the sake of brevity 
only the two accelerators shown in Table I will be discussed here. 

Since tellurium is quadrivalent, four dithiocarbamate radicals are attached 
to it in comparison with the thiuram, which is made up of two dithiocarbamate 


* Reprinted from the Journal of Polymer Science, Vol. 6, No. 3, pages 331-349, March 1951. 
878 
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TaBLeE I 
Compound 
Butyl 
Zinc oxide 
Tetramethylthiuram disulfide 
Tellurium diethyldithiocarbamate 
Sulfur 


radicals. Therefore, it was considered that one mole of thiuram was equivalent 
to one-half mole of tellurium compound, and the quantities shown in Table I 
are added in this ratio. 

In the body of the paper, the long chemical names for the accelerators are 
frequently abbreviated according to the following scheme: 


Tetramethylthiuram disulfide TMTDS 
Tellurium diethyldithiocarbamate TDEDC 


To obtain more accurate times of the vulcanization reaction and also to 
obtain temperatures as high as 400° F, a special electrically heated press was 
designed. The moving parts of a Mooney viscometer were removed, and a 
special micromold was inserted in the top and bottom platens; thus with the 
mold attached to the platens, samples could be inserted or removed and the 
press closed or opened in five seconds. Electrical ring heaters on constant 
and intermittent heat allowed control of temperatures to about + 2° F. 
Samples were vulcanized as thin slabs 2 X 2.5 X 0.030 inches at five tem- 
perature levels: 250, 275, 300, 350, and 400° F. The time of cure was taken 
between the time when the press was closed to the point at which the sample 
was plunged into ice water after rapid removal from the press. Mold lubrica- 
tion with Silicone oil eliminated sticking and facilitated this rapid removal. 
After vulcanization, the state of cure was determined by equilibrium volume 
swelling in cyclohexane at 25° C.5 This method yields more reliable indications 
of the extent of cross-linking at low states of cure than does extension modulus. 


TIME, TEMPERATURES, AND THE STATE OF VULCANIZATION 


Cure curves for the tetramethylthiuram disulfide-accelerated compound 
are given in Figure 1 for the five temperatures. Curves for the three lower 


250 °F. 


4 681 2 46810 20 406080100 200 400 
TIME OF CURE IN MINUTES 


Fia. 1.—Tetramethylthiuram disulfide acceleration. 
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temperatures are similarly shaped curves (but displaced to the left as tem- 
perature increases) which descend to an apparent limiting value of 500 per cent 
volume increase. In considering these and following curves it must be kept in 
mind that the lower swelling values indicate a higher state of cure or increased 
concentration of cross-links, and that the general shape of the curves is the 
inverse of the usual cure curve, where modulus is used as the criterion of the 
state of vulcanization. When a temperature of 350° F is approached, the first 
indications of reversion become apparent for. on extended vulcanization, the 
effective concentration of cross-links decreases to a point of 1000 per cent 
volume increase after 40 minutes. At 400° F, the reversion tendencies have 
become so drastic that they have effectively reduced the maximum state of 
cure. As shown in the curve for this temperature, 700 per cent volume increase 
appears as the limiting cure state, after which reversion occurs so rapidly that 
after 10 minutes of cure a state approaching solubility has been reached. 
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4 681 2 4 680 20 40 6080100 200 400 
TIME OF CURE IN MINUTES 
Fig. 2.—Tellurium diethyldithiocarbamate acceleration. 


In Figure 2, the tellurium diethyldithiocarbamate-accelerated compound 
exhibits a slightly different behavior. This compound requires a great deal 
less time to reach a specific cure state for any given temperature, so the position 
of the curves is shifted to the left with respect to the time axis. In the early 
stages of vulcanization the curves have a flatter slope, indicating a much shorter 
induction period. TDEDC yields Butyl compounds capable of a higher 
concentration of cross-links than does TMTDS, for the maximum or limiting 
state of cure at temperatures of 300 to 250° is defined by 400 per cent volume 
increase. This observation for TDEDC was unexpected; the difference 
between the maximum state of cure with this metallic derivative and tetra- 
methylthiuram disulfide could be explained on the basis of an addition of 
accelerator radicals to the polymer chain. Disulfide linkages in the thiuram 
would be capable of forming free radicals, while metallic salts of dithiocarbamic 
acids would be more stable. Experimental evidence appears to support this 
view. 

TMTDS and TDEDC were mixed with a Butyl polymer of higher un- 





STOICHIOMETRY OF VULCANIZATION BY SULFUR 881 


saturation than the commercial GR-I to increase the possibility of radical 
addition. The proportions by weight are shown in the following table: 


Component 1 2 3 

Buty] (unsaturated 2 mole-%) 100 100 100 
5 
3 


5 5 


Zine oxide 
TMTDS — 
TDEDC ~- 4.5 _- 


Mixture 3 was used as a control and all compounds were heated in a press for 
30 minutes at 300° F. The samples were then extracted with methylethyl 
ketone for 48 hours to remove uncombined accelerator fragments. Combined 
nitrogen and combined sulfur determinations were made on the extracted 
compounds, and these are tabulated below in weight percentage values: 


Element 1 (TMTDS) 2 (TDEDC) 3 (Control) 


Nitrogen 0.05% 0.02% 0 
Sulfur 0.16% 0.04% 0 


Compound 1, containing the thiuram disulfide, shows distinctly more combined 
nitrogen and sulfur than does compound 2. The control with no accelerator 
has no combined sulfur or nitrogen. The TMTDS compound exhibited cross- 
linking; about 80 per cent of the sample existed in a very loose network struc- 
ture. These analytical results explain the fact that the tellurium compound, 
in the ordinary vulcanization process with elemental sulfur, is a more efficient 
accelerator than the thiuram disulfide. The thiuram accelerator containing 
the disulfide linkage decomposes more readily so that radicals (such as these 
below) may enter into the chain at potential points of cross-linkage. 


CH; i CH; 
N—C—S. N- 
rah fr 
CH; CH; 


If this did occur at an occasional active point along the chain, those sites would 
lose their cross-linking potentialities, and, in effect, reduction in polymer un- 
saturation would result. Rehner and Holowchak® cite some data on the 
extractability of accelerators with methylethyl ketone; these data show that 
the 0.16 per cent sulfur remaining after heating mixture 1 is well in excess of 
that expected from residual unextracted accelerator. 

Another advantage of TDEDC over TMTDS is the marked resistance to 
vulcanizate reversion observed in compounds containing the tellurium deriva- 
tive. The vulcanization curves at 350 and 400° F in Figure 2 show how 
reversion is retarded. At 400° F network has reverted to only 800 or 900 
per cent volume increase, compared to 2000 per cent for the 400° curve in 
Figure 1. At 350° F, the reversion for the TDEDC acceleration is also greatly 
reduced. 


COMBINED SULFUR 


Paralleling the volume swelling experiments of Figures 1 and 2, the vul- 
canization course was also followed by measurements of combined sulfur, using 
remnants of the same thin sample slabs. Before the volume swelling experi- 
ments, the vulcanized samples had been extracted with methylethyl ketone 
for 16 hours to remove free sulfur and accelerator. Thus the first step in the 
determination of combined sulfur according to Rehner and Holowchak® has 
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% COMBINED SULFUR 


TIME OF CURE IN MINUTES 


Fig. 3.—Combined sulfur vs. time of vulcanization. Tetramethylthiuram disulfide acceleration. 


been completed, and the sample can be directly oxidized in the Braun Shell 
apparatus. Small quantities of combined sulfur (after conversion to sulfate) 
were determined turbidimetrically by the method of Zahn.’ 

The results of the combined sulfur analyses of the two compounds listed 
in Table I are shown in Figures 3 and 4. In general both accelerators show 
similar behavior as vulcanization progresses. At higher and higher tempera- 


% COMBINED SULFUR 


23 4 £6810 234 6810 20 3040 6080100 200 400 
TIME OF CURE IN MINUTES 


Fie. 4.—Combined sulfur vs. time of vulcanization. Tellurium diethyldithiocarbamate acceleration. 


tures there is a steady increase in the percentage of combined sulfur by weight 
present in the vulcanizate. It will be recalled that in the volume swelling— 
vulcanization time curves, the degree of cross-linking began to decrease on 
approaching temperatures of 350 to 400° F. In Figures 3 and 4, combined 
sulfur continues to increase at the higher temperatures, even though the re- 
version process has been shown tc have set in. With TDEDC, higher com- 
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bined sulfur is encountered at the lower temperatures, reflecting the apparently 
higher degree of cross-linking ultimately obtained with this compound. 

Under the conditions of vulcanization, sulfur is combined in two general 
forms: organically combined sulfur and sulfur in the form of zine sulfide. 
The latter presumably originates from the reaction of zine oxide with hydrogen 
sulfide formed during vulcanization. To obtain a true stoichiometric picture 
of vulcanization, these two forms of combined sulfur must be differentiated. 
This was accomplished by reacting the unchanged zinc oxide with oleic acid 
(in a swollen sample), followed by extraction of the zine oleate. After ex- 
traction, only zinc in the form of sulfide remained, and the sample was then 
analyzed for zinc and converted to equivalent weight of inorganically combined 
sulfur. 
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Fig. 5.—Extraction of zinc oxide from Butyl at two levels of vulcanization. 
cissa: hours, digestion in naphtha solution of oleic acid. 





In detail, appropriate samples of the vulcanizate which had first been 
analyzed for combined sulfur were heated in a 50-50 volumetric mixture of 
naphtha and oleic acid for approximately 16 hours. Previous tests indicated 
that reaction was complete in 8 hours at a temperature of about 93° C, as 
shown in Figure 5. The rubber sample, which had originally been confined in 
a filter paper envelope, was then extracted in Soxhlet extractors with benzene, 
followed by methylethyl ketone to remove the zine oleate. The samples, 
thus freed of zine oxide, were analyzed for zine by a polarographic method®. 

The results of the zine analysis, after conversion to the equivalent weight 
of inorganically combined sulfur, are shown in Figure 6 for the TMTDS 
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acceleration and in Figure 7 for the TDEDC acceleration. It is readily seen 
that the marked increase in combined sulfur exhibited:during vulcanization 
at higher temperatures can be explained in part by the increase in zinc sulfide 
sulfur with increase in reaction temperature. Promotion of zinc sulfide 
formation at higher curing temperatures would favor reversion, since sulfur 
combined in this form would be unavailable for polymer cross-linking. With 


Fie. 6—Sulfur (%) combined as zinc sulfide. Tellurium diethyldithiocarbamate acceleration. 


the two reactions competing for sulfur, i.e., formation of zine sulfide and 
polymer cross-link, the lower ultimate state of vulcanization always obtained 
at 400° F could be explained on the basis of sulfur starvation. Polymer de- 
gradation does not appear to be a factor, for a sample of raw Butyl rubber with 
a viscosity-average molecular weight of 305,000 yielded a value of 310,000 after 
heating in the press 10 minutes at 400° F. From a series of curves of total 
combined sulfur such as Figures 3 and 4 and a series representing inorganically 
combined sulfur, Figures 6 and 7, organically combined sulfur was obtained by 
taking differences of the corresponding ordinate values. Such values were 
employed for the molecular characterization of the vulcanization reaction 
discussed in the next section. 


OF IN 


Fic. 7.—Sulfur (%) combined as zine sulfide. Tetramethylthiuram disulfide acceleration. 


MOLECULAR CHARACTERIZATION OF VULCANIZATION 


Using a tetrahedron model unit representing a polymer network, Flory 
and Rehner® defined the swelling of the network in terms of the molecular 
weight of the chain between cross-links, the volume fraction of polymer in the 
swollen gel, and the molar volume of the solvent. Their relationship is: 


M. = — pVwe2/[In(1 — v2) + vo + poe?) (1) 


where M,. = molecular weight of chain between cross-links, p = density of 
polymer, V; = molar volume of solvent, v2 = volume fraction of polymer in 
the swollen gel, and uw = liquid-polymer interaction coefficient. 

The parameter, u, which is characteristic of a given liquid polymer system, 
can be determined for soluble polymer-solvent systems by osmotic pressure 
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methods'*, In order that equation (1) may be applied to the stoichiometry of 
sulfur cross-linking, a fairly reliable value for u, between solvent and a network, 
must be obtained. This is usually accomplished through indirect means. For 
example, u for polyisobutylene dissolved in cyclohexane’® was found to be 0.41 
by osmotic pressure measurements; by relating tension at a given degree of 
elongation to equilibrium swelling in cyclohexane at 25° C. Flory" arrived 
at a value for uw of 0.3 for a Butyl rubber vulcanizate. Doty and Zable’ used 
calibrated cross-linked polyvinyl chloride to procure interaction coefficients 
for a large group of solvents. They assumed that yw for a very loosely cross- 
linked network would be the same as that obtained from osmotic pressure 
measurements on soluble polymers. Their work yielded experimental con- 
firmation to the Flory-Rehner equation, for, on calculation, the chain length, 
M., of various polyvinyl chloride gels was essentially the same, for a particular 
gel, regardless of the solvent in which it was swollen. As intimated in the 
introduction, a polymer of low unsaturation such as Butyl rubber simplifies 
the evaluation of an interaction coefficient, because it is possible to define a 
minimum M, (molecular weight of chain between cross-links) from which the 
parameter can be determined. 


MOLECULAR WEIGHT OF POLYMER CHAINS BETWEEN CROSS-LINKS 


The Butyl rubber used in these experiments was a whole polymer of 320,000 
viscosity-average molecular weight", which corresponds to a number-average 
molecular weight*, M,, of 175,000. The unsaturation and the chain length 
between points of unsaturation were determined by ozonolysis. The intrinsic 
viscosity data after ozonolysis are given in Figure 8. This intrinsic viscosity 
corresponds to a viscosity-average molecular weight of the degraded chain of 
11,300, which corresponds to a number-average molecular weight of 6300. 
This last figure is, then, the average chain weight between points of unsatura- 
tion. Therefore, if careful vulcanization is conducted at a relatively low tem- 
perature (below 300° F) a condition is approached for which all points of 
unsaturation are satisfied, and an average minimum chain length of 6300 for 
this sample of vulcanizate exists in the network. Figure 9 illustrates how 
Butyl can be vulcanized to a maximum state of cure. The three curves of this 
figure reveal that increased quantities of sulfur and TDEDC do not result in an 
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Fig. 8.—Ozonolysis of Butyl polymer used in this study. 
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ultimately higher concentration of cross-links. The only change affected by 
the increased dosages of curatives is a more rapid rate of curing at the early 
stages of the reaction. The maximum state of cure is defined by 400 per cent 
volume increase for this sample of GR-I. This volume increase corresponds to 
a volume fraction of polymer, v2, of 0.2. Now if the value 6300 for M, is 
substituted into the Flory-Rehner equation, using 108 cc. as the molar volume 
of cyclohexane at 25° C, 0.2 for v2, and 0.915 as the density of the Butyl, u is 
found to be 0.35. This value is not far from the value 0.3 obtained with the 
aid of tension measurements". 


TABLE II 
TETRAMETHYLTHIURAM DISULFIDE ACCELERATION 


Atoms Atoms 
}(Mn/M-) combined organic Atoms 
Per cent (cross-links Com- S per 8 per organic 
volume t:(volume M,- (chain per average bined Organic average average 8 per 
increase fraction) length) molecule) S (%) 8 (%) molecule molecule cross-link 
At 400° F 
950 0.095 26,500 3.3 
750 0.118 18,000 4.86 
720 0.122 16,900 5.18 
730 0.120 18,000 4.86 
870 0.103 23,200 3.77 
1020 0.089 29,500 2.97 
1380 §=©.0.073 51,000 1.72 
2800 0.035 161,000 0.5 : 
At 300° F 
3600 0.027 148,000 0.6 
1100 0.083 39,200 2.22 
690 0.127 16,000 5.47 
540 0.156 10,700 
500 30.167 9,300 9. We R 
490 0.169 9,100 , 9 0.35 
500 0.167 9,300 : : 0.38 
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With the establishment of a value for the liquid-polymer interaction 
coefficient based on a maximum state of vulcanization for this particular sample 
of Butyl, the volume swelling data of Figures 1 and 2 can now be placed on a 
molecular basis. This has been done in the first five columns of Table II (for 
TMTDS acceleration) and Table III (for TDEDC acceleration), where a 
portion of the data has been present. The first column of each table represents 
the vulcanization time in minutes for three of the five temperatures; adjacent 
to each time of cure is placed the equilibrium volume swelling in the second 
column. The per cent volume increase is converted to the volume fraction, v2, 
of the polymer in the swollen gel by the simple relation: ° 


os 100 
~ 100 + % vol. increase 
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Fia. 9.—Effect of additional curatives on state of vulcanization. 








In the fourth column the course of the vulcanization reaction is followed by 
the reduction in the chain length or molecular weight of the polymer chain be- 
tween points of cross-linkage. From any crude model or sketch of a cross-link 
network, it can readily be seen that the number of cross-links is equal to one- 
half the number of polymer chains. The number-average molecular weight 


TaBLe III 


TELLURIUM DieTHYL DITHIOCARBAMATE ACCELERATION 


Atoms Atoms Atoms 
4(Mn/Me) combined organic organic 
Per cent (cross-links Com- 8 per 8 per 8 per 
Time volume v2 (volume M, (chain per average bined Organic average average 
(min.) increase fraction) length) molecule) 8S (%) 8 (%) molecule molecule 
At 400° F 
790 0.112 19,050 
640 0.156 10,200 
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of the Butyl polymer used was 175,000; if this figure is divided by the molecular 
weight of the chain between cross-links, the average number of chain segments 
per polymer molecule is obtained. This number divided by two gives the 
average number of cross-links per polymer molecule. These values are listed 
in the fifth column of Tables II and ITI. 

Because a whole polymer instead of a fractionated polymer was used in 
this work, tenuous network structures defined by an M, of 100,000 or so are of 
little significance due to the possibility of extraction of low molecular-weight 
species not yet linked to the network. Extraction experiments on vulcanizates 
from whole Butyl polmer revealed that a chain length, M,, of 30,000 should not 
be exceeded if a network with little extractable polymer is desired. At this 
degree of cross-linking, about 4.4 per cent of polymeric substance was extract- 
able, and, as vulcanization progressed to chain lengths of 7000, only fractional 
weight percentages of extractable polymeric material could be detected. 


COMBINED SULFUR AND THE CONCENTRATION OF CROSS-LINKS 


In the sixth and seventh columns of Tables II and III, values of combined 
sulfur are listed for the various degrees of vulcanization. Some of the numbers 
are actual experimental values and some are taken from the curves of Figures 
3 and 4 at the designated cure times. The values of organically combined 
sulfur of column 7 are obtained by subtracting the sulfur combined as zinc 
sulfide from the total combined sulfur for a given time and temperature of 
vulcanization. Using an average polymer molecular weight of 175,000, the 
weight per cent of combined sulfur was converted to gram atoms of combined 
sulfur and gram atoms of organically combined sulfur per average gram- 
molecule of Butyl for columns 8 and 9, respectively. On dividing atoms of 
organically combined sulfur by the number of cross-links, values for the atoms 
of combined sulfur per cross-link are obtained, as shown in the final column. 

If attention is first focused on the data for the vulcanization reaction at 
250° F in Tables II and III, it is observed that the amount of organically 
combined sulfur per cross-link remains fairly constant (with few exceptions), 
and approaches a value of about two atoms of sulfur per cross-link. This 
constancy is maintained for the most part at reaction temperatures of 275° and 
300° F. Plots of atoms of organically combined sulfur per cross-link vs. the 
extent of cross-linking are shown in Figures 10 and 11. As the temperature 
of vulcanization is increased, a departure from this general constancy is noted. 
At 350° F, there is a slight but definite trend upward for the amount of sulfur 
combined per cross-link as vulcanization progresses; this is further emphasized 
at 400° F, when more drastic reversion or decrease in the concentration of 
cross-links is observed. These trends are shown under the respective tem- 
peratures in Figure 11. For TMTDS acceleration, reversion at high tem- 
peratures is more striking, and, as is shown in Figure 10, at 400° F the amount 
of sulfur combined per cross-link rises sharply with the onset of network 
degradation. A word of qualification must betmade at this point. The high 
values for combined sulfur per cross-link, noted at 400° in Figure 10, do not 
lead to the inference that there are twelve atoms of sulfur in a cross-link, but 
rather that in a more likely mechanism some of the disulfide linkages have 
been severed, thus decreasing the effective number of cross-links and leaving 
the sulfur combined in an uncross-linked form. 

The instability of the disulfide and polysulfide linkages is well known", 
and these have been reported to undergo thermal decomposition at tem- 
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peratures above 140° C. In addition, Farmer and Shipley’ in their study of 
the reaction of sulfur with olefinic substances did not detect the formation of 
polysulfide when sulfur and an alkyl disulfide were heated together. In their 
work with a great number of olefinic materials, sulfur linkages containing 
from one to six sulfur atoms were obtained, and it is, therefore, of interest that 
the amounts of combined sulfur in our vulcanization reaction conform to ap- 
proximately two sulfur atoms per cross-link at temperatures at which no 
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Fia. 10.—Tetramethylthiuram disulfide acceleration. 


reversion has occurred. At higher curing temperatures, where reversion is 
evident, the amount of combined sulfur at the early stages of cross-linking also 
conforms to about two atoms of sulfur per cross-link. Thus it would appear 
that during the reversion process the lower-order sulfur linkages are broken 
instead of sulfur combining in large polysulfide bridges. In the vulcanization 
process hydrogen sulfide is usually formed through dehydrogenation of the 
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polymer, and the hydrogen sulfide so formed could decompose disulfide linkages 
in a manner analogous to the action of alkali metallic sulfides on dialkyl 
sulfides'* with the formation of thiol groups attached to the polymer chain. In 
support of the last statement, experiments in these laboratories have shown 
that a Butyl vulcanizate can be degraded to a completely soluble state by 
heating in an atmosphere of hydrogen sulfide. In a polymer such as Butyl, 
where points of unsaturation are relatively far apart compared to natural 
rubber, the possibility of sulfur recombining in intramolecular form is quite 
remote. If intramolecular linkage d&i take place in Butyl, a large molecular 
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Fic. 11.—Tellurium diethyldithiocarbamate acceleration. 


loop would result that would be capable of entangling in the network and 
thereby contribute something to the structure. 

This stoichiometric study of sulfur vulcanization with a polymer of limited 
unsaturation has clarified, to some extent at least, the relation of combined 
sulfur to physical properties. It has often been stated'® that the physical 
properties, for example elastic moduli, do not depend on the amount of com- 
bined sulfur. The data of Tables II and III for two different dithiocarbamate 
type accelerators have shown that the amount of combined sulfur per cross-link 
is essentially constant for different times and temperatures of vulcanization 
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until reversion occurs. Therefore, a direct relation between organically 
combined sulfur and physical properties can be made, for it has been shown that 
tension measurements are directly related to a cross-link index obtained from 
swelling measurements®. Figure 12 indicates in another manner how the 
proportion of combined sulfur is related to the concentration of cross-links. 
If total combined sulfur (that is, organically combined plus zine sulfide sulfur) 
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Fig. 12.—Relation of combined sulfur to cross links. Tellurium diethyl 
dithiocarbamate acceleration. 





is related to cross-link concentration, an upward sweep is observed as the 
amount of sulfur in the form of zine sulfid2 increases disproportionately. As is 
readily seen when only the organically combined sulfur is considered, a linear 
relation between cross-link concentration and the amount of sulfur exists. A 
similar illustration is given in Figure 13 with a TMTDS acceleration at 250° F. 
Although the points defining the relation between organically combined sulfur 
and cross-links are more scattered, a straight line through the origin, as in the 
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case of Figure 12, is the best fit. The slopes of the two lines are essentially 
the same as would be anticipated from the constancy of combined sulfur per 
cross-link shown in Tables II and III. Such linear relations are consistent 
with an orderly vulcanized network, and are definitely different from data 
reported for organically combined sulfur in natural rubber*®. 
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Fic, 13.—Relation of combined sulfur to cross links. Tetramethyl thiuram disulfide acceleration. 
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The reinforcement of rubberlike materials with fine particles has been the 
subject of considerable investigation, embracing attempts to obtain a criterion 
of reinforcement as well as to explain the nature of the rubber-particle bond. 
There have been many definitions of reinforcement, but in general most fine 
particles contribute toward an increase in the elastic rigidity of the rubber 
matrix. In addition to establishing criteria of reinforcement, an even more 
difficult problem is the study of the nature of the forces which contribute to 
elastic modulus. 

It was recognized early that carbon black fillers possess unusual reinforcing 
properties when compared to mineral fillers as a class. Reinforcement by 
carbon particles was attributed to strong adsorptive forces' between rubber and 
filler, which immobilizes part of the rubber chain. Such a concept, which is 
akin to vulcanization, has also been proposed by other workers. For example, 
Naunton and Waring’, on the basis of high frequency resilience effects, stated 
that carbon black sharply increases dynamic modulus with increased filler con- 
centrations, whereas a fine zinc oxide pigment does not, and deduced that there 
is @ more permanent bond between a carbon particle and rubber. Quantita- 
tively the magnitude of this “‘strong’”’ carbon-rubber bond has not been deter- 
mined, but recent work® on the heats of adsorption of various hydrocarbon 
gases on carbon black indicates that this adsorption is essentially of the van 
der Waals type. However, initial heats of adsorption of 24 to 40 kg.-cal. per 
mole for Cio hydrocarbons‘ indicate very strong physical adsorption, which is 
consistent with the reinforcing behavior of carbon blacks. Recently, argu- 
ments have been presented in favor of a chemical bond between rubber and the 
strongly reinforcing carbon blacks. It is somewhat difficult to distinguish be- 
tween very strong physical and chemical adsorption. Barron* has shown that 
dilute solutions of rubber have a depressing action on the adsorption of other 
materials such as sulfur or stearic acid by carbon black, thus inferring a strong 
adsorption tendency between rubber and the carbon particle. 

The first criterion of reinforcement was proposed by Wiegand’, based on the 
enhancement of the tensile strength of rubber by certain carbon blacks. 

Blake® criticized Wiegand’s energy capacity theory on the basis of the 
proper cross-section. He claimed that no filler actually reinforced, because 

* Reprinted from Industrial and Engineering Chemistry, Vol. 43, No. 2, pages 430-438, February 1951. 


This paper was presented before the Division of Rubber Chemistry of the American Chemical Society at its 
International Meeting in Cleveland, October 11-13, 1950. 
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the tensile strength at break, based on the reduced cross-sectional area of the 
test-piece, did not increase when pigments were incorporated. Shepard® states 
Blake’s criticism of the energy criterion is not valid, for the increase in energy 
of rupture (and tensile at break) due to pigmentation is accentuated when a 
correction is made for the reduced rubber content of a compound. 

The criterion adopted for the present paper is based on the enhancement of 
the elastic modulus of rubber by the incorporation of pigments. More gener- 
ally, it has been the purpose of the present paper to investigate in detail the 
effect of filler loading on the elastic properties of rubber networks by differenti- 
ating between volume and surface effects as functions of the concentration and 
the surface area of the filler. An added insight into the reinforcement phe- 
nomenon has been obtained through the study of the volume swelling of pig- 
mented vulcanizates and the elastic properties of these swollen gels. 

The present paper describes briefly the theoretical modulus-concentration 
relation pertaining to the volume effects caused by fillers in rubber. It points 
out that this relation is based on elasticity theory, that its analogy to the the- 
oretical viscosity-concentration relation is useful in explaining some volume 
aspects of reinforcement, but that it is incomplete because it neglects the im- 
portant surface-dependent effects caused by fillers. The paper also presents 
data on the equilibrium elastic properties of the rubber-pigment system and 
their interpretation. The equilibrium modulus is resolved into two additive 
components due to entropy and internal energy, respectively. The former is a 
volume consideration associated with the effect of filler volume upon the posi- 
tion and movement of the network molecules. The internal energy contribu- 
tion is associated with the binding or restriction of the polymer chains by ad- 
sorptive forces. Data are also given on the elastic properties of swollen rubber- 
pigment systems and their interpretation. The rubber-carbon black bond is 
not broken by the swelling agent, whereas the rubber-mineral filler bond is 
broken. 

THEORIES OF REINFORCEMENT 


All fillers which wet the rubber matrix increase its elastic modulus with 
increasing concentration. The observed increase of the modulus can be com- 
pared with the increase predicted for an idealized rubber-filler system of the 
following properties: 


The filler particles are rigid spheres; they do not need to be equal in size. 

Complete wetting of filler by the rubber is assumed. This assumption im- 
plies that the rubber-filler bond is not localized, but can slide on the surface of 
the filler. 

Hooke’s law holds for both the rubber matrix and the rubber-filler system. 
This assumption implies that the viscoelastic properties of the rubber matrix 
and of the rubber-filler system are negligible. Consequently, the theory should 
be compared with “equilibrium” stress-strain data. 

Elastic interaction is assumed to operate for more concentrated rubber-filler 
systems. Only the interaction of pairs of particles is taken into account, that 
of three or more particles being neglected. 

Application of elasticity theory then leads to the relation’®: 


E = E,(1 + 2.5¢ + 14.1c?*) (1) 


where £ is Young’s modulus for the matrix-filler system, Eo is that for the 
matrix alone, and c is the volume concentration. Thus the ratio E/E, de- 
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pends only on the concentration. Equation 1 is here called the ‘theoretical 
modulus-concentration relation’”’. 

The first two terms of Equation 1 are the same as those in Einstein’s well 
known law of the viscosity of spherical suspensions: 


n = no(1 + 2.5c) (2) 


For more concentrated suspensions, Equation 2 was extended by Guth and 
Gold" to: 
n = no(1 + 2.5¢ + 14.1c?) (3) 


the third term in the bracket being identical with the corresponding term in 
Equation 1; 7 and mo are the viscosities of the suspension and the solvent, 
respectively. 

Equations 2 and 3 were obtained from the hydrodynamics of viscous 
liquids. The suspended particles perturb the flow in a viscometer, and this 
perturbation increases the energy dissipated, which is reflected in an increase 
in the viscosity of the solvent. 

The assumptions needed to derive Equation 3 are analogous to the assump- 
tions listed above; Hooke’s law of elasticity is replaced by Newton’s law of 
viscosity and “elastic interaction” is replaced by its “hydrodynamics” counter- 
part. 

Equation 1 holds strictly only for Young’s modulus, 7.e., the slope of the 
stress-strain curve at the origin. It is valid, however, more generally for other 
points on the stress-strain curve, as long as the stress-strain curve for the loaded 
stock is similar to that of the gum stock, 7.e., as long as they differ only by a 
multiplicative factor. For 50 per cent extension, used in this study, this condi- 
tion can be expected to hold with fair accuracy, inasmuch as for a loaded 
GR-S compound the similarity was shown to hold up to 100 per cent extension”. 
Thus Equation 1 may be written in the form: 


M = M,(1 + 2.5c + 14.1c?) (4) 


where M is the elastic or equilibrium modulus at 50 per cent extension of the 
loaded rubber, and Mp is the elastic modulus of the unpigmented compound. 

In the case of viscosity of suspensions, deviations from Equation 2 can be 
explained on the basis of solvation at the particle surface, which is a binding of 
the particle with a liquid layer. Another deviation from the viscosity equation, 
especially at higher concentrations of filler, arises when there is a formation of 
particle network structures. Similarly, deviations from Equation 3 for rubber- 
pigment systems may be caused by binding and filler network formation. 
Higher concentrations of carbon black increase the changes of particle inter- 
action, and thus cause a more rapid rise in elastic modulus than is predicted by 
Equation 3. Some types of blacks accentuate this effect because they are 
known to possess a persistent reticulate structure". The effect of particle 
chains can be approximated quantitatively by considering rodlike particles em- 
bedded in the rubber. For such particles an equation similar in form to 
Equation 1 is obtained’: 


M = Mo(1 + 0.62fc + 1.62f%?) (5) 


where f is the shape factor (length-diameter). By estimating the shape factor 
of reticulate carbon chains from electron microscope pictures, Cohan and 
Smith“ have approximated experimental stress data with Equation 5. They 
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used extension modulus and arbitrary Shore hardness values converted to com- 
pression modulus. 

There are some aspects of reinforcement, however, that cannot be ade- 
quately explained by the theoretical modulus-concentration relation. For 
example, the increase in stiffness and bound rubber values with time is a common 
observation, and indicates the occurrence of slow adsorption of rubber on the 
active pigment particle. Also, the volume concentration concept predicts that 
reinforcement is independent of particle size of the filler, and tends to account 
for any deviation by a shape factor“. Although the shape factor undoubtedly 
influences reinforcing effects, asymmetry of the particle is not necessary for re- 
inforcement. Indeed, some extremely asymmetric particles like diatomaceous 
earth do possess a stiffening effect, but their contribution to the elastic or 
equilibrium modulus is relatively small. Clay pigments also fall into this 
category. 

Weiss'® has resolved the free energy of reinforcement into surface energy 
and elastic energy components: 


F = Fs + Fe (6) 


Total free surface energy, Fs, would depend on the total surface area of the 
filler particles, while the total free elastic energy depends on the volume con- 
centration. Previous to the development of Equations 1 and 5, Rehner'® set 
up expressions for the stresses about a spherical particle embedded in an elastic 
material under uniform tension. He showed that the average radial stress is 
independent of particle size but depends on filler concentration and the elastic 
constants of the materials under consideration. This resolution of the energy 
of reinforcement into surface energy and elastic energy components is a step 
toward a further understanding of the reinforcement phenomenon. That there 
is some surface effect that contributes to the unusual behavior of carbon blacks 
is universally recognized, and the data given below confirm the existence of a 
carbon black surface contribution to reinforcement. 


ELASTIC PROPERTIES OF POLYMER-PIGMENT SYSTEMS 


In studying the reinforcement of polymer networks by pigments, it is nec- 
essary to utilize various systems having the same concentration of chemical 
cross-links. One method of closely approaching such a condition is to use a 
polymer of limited unsaturation, which markedly reduces the probability of 
intramolecular linkages, and to incorporate an excess of sulfur and accelerator 
over that required to yield a maximum state of vulcanization (concentration of 
cross-links). It has been demonstrated with a polymer such as Butyl rubber 
that a maximum state of vulcanization can be obtained where further additions 
of sulfur and accelerator do not increase the cross-linking'’. With an excess 
of curing agents, differences in the adsorptive capacities of the added pigments 
do not alter the concentration of chemical cross-links. In a system where the 
polymeric unsaturation is far in excess of the curative agents that promote vul- 
canization (as in vulcanizates of natural rubber or other diene-type polymers) 
differences in the adsorptive capacity of the added fillers may result in changes 
in the concentration of chemical cross-links of the final vulcanizates by remov- 
ing some of the curatives from the field of reaction. 

In the present study, a Butyl rubber of commercial GR-I grade was used. 
An unpigmented master batch of polymer, zinc oxide, and sulfur was first 
prepared. To aliquot portions of this mixture were added 5, 10, 20, 30, 40, and 
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50 volumes of various fillers per 100 volumes of polymer in the master batch. 
The accelerator, tellurium diethyldithiocarbamate, was added in a ratio of 1.5 
parts to 100 parts of GR-I after the filler had been incorporated, to avoid pre- 
curing during compounding. The formula was as follows: 


GR-I 100 
Zinc oxide 5 
Sulfur 2 
Tellurium diethyldithiocarbamate 1.5 
Filler Varied 


The pigments used included various grades of carbon black and some mineral 
fillers : 


Particle size'* 
Pigment 
High abrasion furnace black (HAF) 
Fine furnace black (FF) 
Semireinforcing furnace black (SRF) 
Medium thermal black (MT) 
Precipitated calcium silicate 
Precipitated calcium carbonate 
“Soft” clay 


The compounds were cured at 300° F for 80 minutes; this ensured reaching 
the flattened or level portion of the GR-I vulcanization curve'’. Test samples 
were cut from 2 X 2.5 X 0.035 inch slabs. 

Equilibrium modulus.—Equilibrium moduli were determined with a triple 
beam balance’® attached to a calibrated glass float®®* that facilitates rapid change 
in load to compensate for the relaxation of stress in the extended sample. 
Stresses were determined at 50 per cent elongation at temperatures ranging from 
150° to0° F. Thesample was first relaxed at 150° F, the temperature was then 
lowered gradually, and the change in stress was noted with the hydrostatic 
balance. The extension of the sample was adjusted with the aid of a cathetom- 
eter focused on pieces of very thin wire which pierced the sample at a separa- 
tion of 1 cm. in the unstretched specimen. The exact unstretched distances 
were measured with a measuring microscope ; these distances were then extended 
50 per cent on the triple-beam apparatus and checked throughout the experi- 
ment. 

Straight lines were obtained on plotting stress vs. temperature, in accordance 
with the theory of Guth and James, who have related stress to absolute tem- 
perature according to the equation: 


z= KT(1+e- 


1 
(1+ 7) 7) 
l— Ip 

lo 


where Z = stress, JT = absolute temperature, K = constant, and / and ly are 
extended and original length. 

Two representative series of curves are shown in Figures 1 and 2. Figure 1 
is a series of curves showing the effect of loading on the temperature-stress rela- 
tionship when a relatively large medium thermal carbon black is used. Both 
the slope and the overall stress increase with increased loading of pigment. In 
Figure 2 a high reinforcing furnace black of finer particle size exhibits a different 
pattern as loading is increased. The total stress increases with loading, but as 


e= 
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Fic. 1.—Equilibrium stress at 50% elongation as function of temperature. 
Medium thermal carbon, 274 mu. 


the concentration of filler is increased to 40 and 50 volumes the slope of the lines 
decreases. This indicates that the high surface forces and the structural effects 
of the carbon chains have interfered with the thermal elastic properties of the 
rubber matrix. 

Mineral fillers such as precipitated calcium carbonate behave similarly to 
the medium thermal carbon black with respect to the effect of loading on the 
temperature-stress functions. Other mineral fillers, such as clays, that possess 





T T “y T 


r T T T 
HIGH ABRASION FURNACE CARBON 32 my oe. 


STRESS L8S/SQ IN. 








ae ee eS ee ee ee ee ee ee 





‘ 


‘ 4 4 1 4 1 4 4 ‘ 4 1 4 PoE 4 
20 4 #$j|© 80 60 120 40 60 i180 200 220 240 260 280 300 320 340 
*K 


Fia. 2.—Equilibrium stress as function of temperature. 50% elongation. 
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Fie. 3.—Equilibrium modulus ss function of filler loading. 25° C temperature, 


asymmetric habits exhibit a sudden inability to contribute to the stress of a net- 
work as loading is increased. The same effect has been observed for precipi- 
tated calcium silicate of very fine particle size. This type of behavior is shown 
in Figure 3, where equilibrium stress at 25° C (298° K) is plotted as a function 
of filler loading. The stress values were obtained from a series of straight lines 
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Fic. 4.—Comparison of total stress as function of filler concentration with theoretical 
modulus concentration relation. Carbon black. 
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similar to those of Figures 1 and 2, The curves for the clay and the silicate 
pigments level off, while the other fillers continue to contribute to stress with 
increased loading. On this basis, there is wide divergence in the reinforcement 
that these various fillers impart to an elastic stress, and some of them obviously 
do not conform with the theory based on the viscosity analog, wherein increase 
in stress depends only on the concentration of filler. 

If the data of Figure 3 are plotted on the basis of stress relative to that ob- 
tained for an unloaded vulcanizate, a great divergence in the effect of filler con- 
centration is still noted. In Figure 4 the ordinate is plotted as Z/Mo, where Z 
and Mp are, respectively, the equilibrium stress of the loaded compound and 
that of the unloaded compound. The abscissa is the volume fraction of filler 
based on the total volume of the compounded material. The solid line repre- 
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Fie. 5.—Mineral fillers. Comparison of total stress as function of filler concentration 
with theoretical modulus concentration relation. 





sents the theoretical viscosity analog equation*. The experimental points for 
carbon blacks in Figure 4 diverge from the theory. The fine particle carbons, 
especially the HAF black, which possesses some reticulate structure, lie well 
above the theoretical line. The coarsest particle size, MT black, falls below at 
higher filler concentrations. 

In the case of the mineral fillers, there is less divergence from the theoretical 
curve, as shown in Figure 5. In fact, the experimental points for precipitated 
calcium carbonate conform to the theoretical curve fairly closely. For pre- 
cipitated calcium silicate, the few experimental points lie above, and for clay 
the points are well below, the curve. 

As discussed above, explanations of the upward divergence of experimental 
values from the viscosity analog are based on a departure of the filler particle 
from spherical habit”. However, clay, which is asymmetric, yields stress 
values that fall below, indicating that surface forces must be a factor in the rein- 
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forcement phenomenon. In the case of the carbon blacks of Figure 4, FF black 
has an essentially spherical habit, but its stress values lie consistently above the 
theoretical curve. Yet the explanation of stress reinforcement cannot be based 
solely on the extent of the surface exposed to the rubber matrix. In Figure 9 
this is graphically shown in a plot of Z/Mo against extent of surface instead of 
volume concentration of filler. Each carbon type exhibits its own stress-surface 
curve, and the finer particle surface appears less effective in reinforcing stress. 
In other words, increase in the elastic modulus cannot be solely a function of 
particle size or surface area of the incorporated filler. Therefore, to gain further 
insight into the filler effect, reinforement must be considered in terms of com- 
ponents of total stress. 

Components of stress —Anthony, Caston, and Guth* have shown that stress 
in a stretched sample of rubber consists of an internal energy contribution and 
an entropy contribution. These are roughly comparable to Weiss’ surface and 
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Fie. 6.—Increase in equilibrium modulus over unloaded control as function of total surface added. 


elastic energy components. Their concept can be written in equation form: 
Z = Zs + Zz. (8) 


where Z = total stress, Z, = stress due to internal energy, and Z, = entropy 
contribution. 
Z,, is actually the stress component due to enthalpy”: 


(2), mine) 
oT L.V. . L 


but because the difference between enthalpy and internal energy is small, the 
notation Z, is more suggestive. 

In an unloaded network the contribution of internal energy to stress is small, 
so total stress at a given temperature and elongation depends to a large extent 
on entropy, i.e., the movement and position of the chain segments in the net- 
work. When fillers are incorporated into a vulcanized rubber, the relative 
entropy and internal energy contributions to stress are changed. The series 
of straight lines shown in Figures 1 and 2 offer a method of graphically obtain- 
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ing the two components of stress. Equation 8 can be written in the form: 


0Z 

Z z.+7 (SF) (9) 
which defines stress at constant extension. The entropy contribution can then 
be obtained from the slope of the stress temperature function multiplied by the 
absolute temperature. In these comparisons the temperature of 298° K or 
25° C was used. The total stress is known, so the internal energy contribution 
is obtained by difference. This difference should equal the extrapolated inter- 
cepts of the lines at 0° K. 
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Fic. 9.—Fine furnace carbon contributions to stress. 


In Figures 7 through 10, the components of stress are plotted as a function 
of the volume fraction of filler for the four different types of carbon blacks. In 
the case of the medium thermal carbon (Figure 7), the internal energy con- 
tribution shows only a slight increase with increased loading of filler. The 
increase in total stress is due almost entirely to entropy factors. As the carbon 
blacks increase in surface area and reinforcing ability, the internal energy con- 
tribution asserts itself to a marked degree. In Figures 9 and 10 at higher filler 
loadings the internal energy contribution becomes greater than the entropy 
contribution, indicating a loss in long range rubberlike elasticity. 

The theories of reinforcement, already referred to, emphasize the elastic 
contribution to stress and predict that the stress reinforcement is independent 
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Fie, 10.—High abrasion furnace carbon contributions to stress. 








O HAF BLACK- 32my 
@ FF BLACK -34nm 
4 SRF BLACK-81 my 
xX MT BLACK - 274mp 








THEORETICAL LINE 
BASED ON 


My, #1+ 2.50 +14.10° 


fs i t 
02 03 


VOL. CONC. FILLER 











Fia. 11.—Comparison of entropy contribution of stress as function of filler concentration 
with theoretical modulus concentration relation. Carbon black. 
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of particle size of the filler and depends only on the concentration. In this 
connection, it is of interest to compare the entropy contributions of stress with 
the theoretical values based on the viscosity analog. Figure 11 shows such a 
comparison. It is evident at once that there is a marked decrease in the 
divergence of the experimental points over that observed in Figure 4 when total 
stress was considered. Although we do not wish to ignore completely consider- 
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Fig. 12.—Increase in internal energy contribution as function of total surface of carbon black added. 


ations involving shape factors of the pigments, nevertheless, when the entropy 
contribution of stress is considered separately, the experimental points agree 
more closely with theory for all types of carbon blacks. At the very high con- 
centrations of the fine carbons, where internal energy contributions rise in- 
ordinately high and entropy contributions decrease with increasing concentra- 
tion, this superior correlation breaks down. 
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Fic. 13.—Precipitated calcium carbonate contributions to stress. 





ELASTIC MODULUS AND SWELLING OF BUTYL RUBBER 907 





STRESS 











0.1 0.2 
VOLUME CONC. OF FILLER 


Fie. 14.—Clay contributions to stress. 


Resolution of the data of Figure 6 into their stress components has revealed 
that the internal energy contribution can be more readily correlated with the 
total surface area of the carbon black present in the rubber. Figure 12 shows 
that the internal energy contribution of four different grades of carbon black 
can be represented as a single continuous fuction of total surface area of black 
added. The increase in total stress did not behave in this manner for the four 
types of blacks. 





i 
03 











0! 02 
VOLUME CONC. OF FILLER 
Fic. 15.—Precipitated calcium silicate contributions to stress. 


Mineral fillers do not give the large internal energy contribution to stress 
observed with the carbon blacks (Figures 13 through 15). The entropy con- 
tribution to stress is predominant at all concentrations of filler. Only the pre- 
cipitated calcium carbonate is able to maintain an elastic structure up to a 
volume fraction concentration of 0.35; clay and calcium silicate eventually 
yield polymer filler systems that exhibit excessive permanent set at low elonga- 
tions as filler concentration is raised. 

Because the entropy contribution to stress predominates in the case of 
mineral fillers, there is little difference in the correlation of stress data with the 
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theoretical curves, regardless of whether total stress or the entropy component 
is used. A comparison of Figure 16 and Figure 5 illustrates this point. The 
experimental points for the precipitated calcium carbonate approach the theo- 
retical curve equally well for both cases. For precipitated calcium silicate, the 
few experimental points are slightly nearer the curve when the entropy function 
is considered, although the data are sparse. Clay in both instances falls well 
below, because of its relatively small reinforcing action. This pigment imparts 
mainly a diluent effect, as will be observed in the experiments on volume 
swelling of these systems in hydrocarbon solvents. 
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Fig. 16.—Mineral fillers. Comparison of entropy contribution of stress as function of 
er concentration with theoretical modulus concentration relation. 


PROPERTIES OF SWOLLEN POLYMER PIGMENT SYSTEMS 


It has been observed by various investigators that pigments or fillers alter 
the swelling capacity of vulcanized natural rubber in hydrocarbon solvents. 
Scott?* has presented data on the effect of pigment loading on swelling capacity 
and has shown that carbon blacks restrict swelling to a much greater extent 
than do mineral pigments. Indeed, some mineral fillers such as barytes in- 
crease the swelling capacity of a vulcanized natural rubber as loading is in- 
creased?*, Such behavior would indicate a complete lack of any polymer- 
pigment bonding. Parallel observations have been made with Butyl rubber- 
pigment systems when the networks are swollen in a hydrocarbon solvent. 

Restriction of volume swelling —Volume swelling experiments were carried 
out in cyclohexane at 25° C. Equilibrium was established in about 24 hours, 
and the amount of swelling was determined from the weight of cyclohexane 
imbibed. The swelling capacity was expressed as percentage volume increase, 
based on the polymer content of the pigment-rubber mixture. Figure 17 shows 
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some results with the various fillers. It is evident at once that carbon blacks 
exhibit a greater capacity to restrict volume swelling than do the mineral fillers. 
In addition, the finer the particle diameter the greater is this restriction. 
Mineral fillers, on the other hand, impart only a limited restriction to the swell- 
ing capacity as the volume concentration of filler is increased. Calcium silicate 
initially yields the greatest decrease in swelling, but is finally surpassed by 
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Fic. 17.—Restriction in swelling capacity by filler loadings. 


precipitated calcium carbonate. ‘“‘Soft’’ clay exhibits a negative effect as the 
filler loading increases, in agreement with some observations made in natural 
rubber compounds?>, 

Volume swelling-pigment loading curves serve to illustrate a feature of 
carbon black reinforcement that is novel and certainly indicates a type of sur- 
face energy not possessed by other filler surfaces. It will be recalled from 
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Fic. 18.—Restriction of swelling as function of total surface area added. 


Figure 6 that the elastic modulus imparted to a vulcanizate did not depend 
solely on the surface area of the incorporated carbon black. However, in the 
cases of restriction of volume swelling there appears to be a direct correlation 
with the extent of the carbon black surface. In Figure 18 the swelling capacity 
is shown as a function of the total pigment surface area for the three types of 
carbon black. In this relationship a correction is made for the volume occupied 
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by the filler in the swollen matrix, and this correction is added to the percentage 
volume increase based on the amount of solvent imbibed by the rubber hydro- 
carbon. For example, if the volume increase due to solvent imbibition is 300 
per cent based on polymer content, then the corrected swelling would be 300 
per cent plus the volume of filler per 100 volumes of polymer. The experimen- 
tal points for the three types of carbon black fall on a single line. A similar 
analysis was made for calcium carbonate with a particle size about equal to 
that of the SRF carbon black, and it is evident that different magnitudes of 
surface forces exist in the two classes of materials. 

It has been established?’ that the volume fraction of polymer in the swollen 
gel in nonpigmented compound is related logarithmically to the chain length 
between the cross-links. 

100 


% volume increase + 100 
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Fic. 19.—Comparison of equilibrium modulus at 25° C of swollen and unswollen 
networks at same extension. 


capacity, that is, the greater the concentration of cross-links, the lower is the 
volume swelling. It therefore appears that, as far as swelling is concerned, true 
reinforcing pigments behave as if they imparted an additional amount of re- 
striction or cross-linking to the network, as suggested by earlier workers?*. 
These forces between carbon black and the rubber chain enable such fillers to 
contribute to the reinforcement of elastic modulus even when the network is in 
the swollen state. Such a behavior has not been observed with mineral fillers. 

Elastic properties of swollen networks—When the elastic properties of 
swollen and unswollen networks containing fillers were compared, an entirely 
different behavior between carbon blacks and mineral fillers was observed. 
The elastic modulus of the swollen networks was determined at 50 per cent 
extension while the test-specimen was immersed in cyclohexane. In testing 
the swollen specimen, no period of time at elevated temperatures was needed to 
relax the sample to a state of equilibrium; swollen specimens respond rapidly 
to changing stress. Therefore the elastic modulus was determined directly at 
25° C. 





ELASTIC MODULUS AND SWELLING OF BUTYL RUBBER 911 


To compare the carbon and mineral filler surfaces, two pigments of similar 
average particle diameter were selected: SRF carbon black 81 my, and a pre- 
cipitated calcium carbonate of 87 mu. In Figure 19 elastic moduli of the swollen 
and unswollen specimens at 50 per cent elongation are compared as a function of 
filler concentration. It is evident that the carbon black shows an opposite 
trend to the calcium carbonate. In the case of carbon black, the elastic modu- 
lus is markedly higher for the swollen system; for calcium carbonate, the op- 
posite is true. This decrease in elastic modulus on swelling in the later case 
exists, even though the individual polymer chains are actually in a state of 
higher extension, due to the fact that the solvent has distended the network. 
With carbon black it is apparent that the higher elastic modulus of the swollen 
network reflects this added extension of the polymer chains. 

It is reasonable to assume, from such a model of a cross-linked network as 
the tetrahedron of Flory and Rehner*, that the average linear extension of the 
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polymer chains in a swollen network is proportional to the cube root of the 
volume increase. Therefore, if the reinforcing bond persists in the swollen 
state, the swollen elastic modulus should be equivalent to an unswollen elastic 
modulus at an additional compensating elongation. Based on the volume 
swelling of the various loadings, compensating elongations in the unswollen 
state were calculated so that the reinforcing effect in swollen and unswollen 
specimens could be compared at the same average extension of the, individual 
chains. (In a swollen sample the average internal extension of the individual 
molecular chains is considered to be the cube root of the volume expansion. 
Therefore, in comparing stresses at similar extensions of the molecular chains, 
unswollen samples must be given an additional external stretch to compensate 
for the extension due to swelling.) Stresses at compensated elongations are 
shown at the appropriate points on the curves for the unswollen samples in 
Figure 20. These curves compare the elastic moduli of swollen specimens at 
50 per cent extension with the elastic moduli of unswollen specimens at a com- 
pensating elongation, as a function of filler loading. For SRF carbon black, 
the compensated unswollen elastic moduli and the swollen moduli at 50 percent 
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extension are comparable. The shape or curvature of the functions is similar. 
For the precipitated calcium carbonate, the compensated unswollen moduli are 
far higher than the comparable swollen moduli.’ The divergence is greater than 
that observed in the previous figure, where all comparisons are made at the 
same external extension. 

These results serve to illustrate graphically the role of the carbon black 
surface in reinforcing rubberlike polymer. The carbon black bond is suffi- 
ciently strong to persist even while the network is in the swollen state, while the 
weak surface bonds of the mineral fillers are broken by the spreading action of 
the imbibed solvent. 


Fig. 21.—Clay in extended Butyl vulcanizate (970). Showing voids about individual particles. 
5 volumes of clay to 100 volumes of GR-I. 350% elongation. 


‘SUMMARY 


The reinforcing of elastomeric vulcanizates by filler particles has been 
studied with Butyl rubber, a polymer of limited unsaturation. This limited 
unsaturation enables a comparison to be made of filler reinforcement in ma- 
terials having a constant concentration of chemical cross-links, because excess 
curing agents can be added without increasing the state of cure byond a certain 
limit. Under such conditions differences in the adsorptive powers of fillers do 
not result in variations in the ultimate state of vulcanization. 

Reinforcement in this paper was defined as the ability of a pigment to en- 
hance the elastic or equilibrium stress (at constant elongation) of a vulcanized 
specimen. Equilibrium stress at 50 per cent elongation was determined on a 
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triple-beam balance, and the internal energy and entropy components of stress 
were determined. The entropy component of stress was found to conform more 
closely to the classical viscosity analog equation for reinforcement, where only 
the volume concentration of filler and not the surface area is the controlling 
factor. It was observed that carbon blacks, especially those of finer particle 
size, produced a greater internal energy contribution to stress than did mineral 
fillers, which appeared as a function of the total pigment surface added. The 
increase in stress observed with mineral fillers was due largely to entropy con- 
tributions. 

Another manifestation of reinforcement was shown to be the restriction of 
volume swelling of a network (in a good solvent) in the presence of pigments. 
Carbon blacks showed the greatest restriction of swelling capacity, and in 
distinction to stress behavior, this restriction was solely a function of the total 
surface area of carbon black present, regardless of type. With mineral fillers, 
far less restriction was observed, and in one case an increase in swelling was 
noted. This can be attributed to poor bonding, which results in voids. The 
photomicrograph of clay particles in a thin stretched section of Butyl shows this 
effect in Figure 21. The role of surface forces in the case of carbon blacks has 
been further demonstrated through measurements of the elastic properties of 
swollen rubber. The reinforcing nature of carbon black is maintained in a 
swollen network, while the weak bonds between the polymer and a mineral 
filler are destroyed when the chains are separated by the imbibed solvent, and 
the stress then s«pproaches that of an unloaded compound. 
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THE TRANSFORMATION OF THIOLS 
COMPOUNDED IN RAW RUBBER * 


JEAN LE Bras AND MicHeLt Montu 


Frency Rupser Institute, Paris, France 


During the last few years the rubber industry has made use of certain thiols, 
under the technical name of peptizing agents, which have the property of ac- 
celerating the plasticization of raw rubber during mastication. It is now known 
that this process of plasticization involves oxidation of the rubber', and that it 
does not take place in an atmosphere of an inert gas’. 

Accordingly the present authors were induced, on the one hand, to follow 
the transformation of thiols during their participation in the mastication of 
rubber and, on the other hand, to observe their influence on the tendency of 
rubber to oxidize. 

In the first of these objectives, the analytical method utilized was ultra- 
violet absorption spectrography*. To avoid pertubations in the spectra caused 
by the resins present in rubber, crepe rubber purified by acetone extraction was 
used in the experiments. The rubber was masticated at 100° C, and the thiol 
was added soon after the beginning of this mastication in the proportion of 5 
per cent of the rubber. Samples were withdrawn at successive intervals of 
time, and the transformation products of the thiol, which were isolated by ace- 
tone extraction, were identified by their ultraviolet absorption spectra. In 
these experiments, chloroform solutions containing 0.5 gram per liter were 
employed. 

These absorption spectra change with the time of mastication. In the case 
of 2-naphthalenethiol (I), the Hartley line, which is represented by the continu- 
ous curve in Figure 1, changes progressively and assumes the form indicated by 
the broken curve in Figure 1, which corresponds to the absorption spectrum of 
2-napthyl disulfide (II). Similarly, mercaptobenzothiazole (III) gives benzo- 
thiazolyl disulfide (IV), as shown in Figure 2. This confirms the results ob- 
tained by Twiss‘, obtained by chemical analysis. 
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In the present work it was proved that the transformation of 2-naphthalene- 
thiol into 2-naphthyl] disulfide is much more rapid than the transformation of 
mercaptobenzothiazole into benzothiazoly] disulfide, and this is in accord with 


* Translated for Russer Cuemistry AND TecHNOLOGy from the Comptes Rendus Hebdomadaires des 
Séances de l’ Académie des Sciences, Vol. 232, No. 1, pages 82-84, January 5, 1951. 
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the intensity of the plasticizing effects of these two thiols, e.g., 2-naphthalene- 
thiol has a definitely greater plasticizing action than has mercaptobenzothiazole. 

Additional experiments have shown that the presence of even very small 
amounts of sulfur inhibit completely the plasticizing action of thiols, and the 
spectrum confirms the fact that, under these conditions, mercaptobenzothiazole 
is no longer transformed into benzothiazoly! disulfide’. 

To determine the influence of thiols on the tendency of rubber to oxidize, 
thiols were added to rubber during mild mastication at ordinary temperature’, 
and the oxidizability was measured at 80° C Ly the manometric method’. 
Figure 3 shows the results obtained. 

In the presence of 2-naphthalenethiol, the oxidation was at first very rapid, 
and the higher the percentage of 2-naphthalenethiol originally, the more rapid 
was the oxidation. The rate of oxidation then decreased and became virtually 
the same as that of a control sample containing no thiol. With mercaptobenzo- 
thiazole, the transition between the two phases of oxidation was much more 
gradual and less well defined, as is evident by the broken curves in Figure 3. 
This is explained by the fact that the transformation of mercaptobenzothiazole 
into benzothiazolyl disulfide is much slower than the transformation of 2-naph- 
thalenethiol into 2-naphthy] disulfide. 

These two series of experiments explain the mechanism of the action of 
so-called peptizing agents. A thiol acts, in effect as a prooxygenic agent and 
thereby promotes plasticization. However, because of the phenomenon rec- 
ognized as exhaustion of a catalyst, the thiol is transformed, little by little, by | 
secondary oxidation into the corresponding disulfide. The oxidation curves 
show that mercaptobenzothiazole withstands this tendency toward exhaustion 
longer than does 2-naphthalenethiol. 

It is of interest in this connection to call attention to the similarity of 
structure between these products and deactivating agents*. If one studies, for 
example, the aging of a vulcanizate prepared from rubber plasticized by means 
of 2-naphthalenethiol, it will be found that the aging is better than that of a 
control vulcanizate prepared from rubber plasticized by simple milling. Like- 
wise the action of an antioxygenic agent is increased. 

From the technical viewpoint, therefore, these thiols have a dual favorable 
effect ; first, they act as accelerators of oxidation during mastication and, sec- 
ondly, their transformation products, by functioning as deactivating agents, 
contribute toward good aging after vulcanization. 
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BUTADIENE AND ITS POLYMERS. V. FORMATION 
OF SPONGY BUTADIENE POLYMER * 


K. I. Prorrovskit 
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When hydrocarbons of the butadiene series are kept at a constant tempera- 
ture, a peculiar type of polymer is formed, a white amorphous mass which is 
insoluble in organic solvents and which can catalytically cause formation of a 
similar product in the presence of the original hydrocarbon. Kondakov' first 
observed the formation of such a product in biisopropenyl. Lebedev? called 
this type of hydrocarbon polymer of the butadiene series a spongy polymer. 
This spongy polymer is also frequently called an autopolymer in the chemical 
literature because it is formed without change of temperature and without a 
catalyst. 

Harries*, Lebedev, Koblyanskii, Khokhlovkin‘ and others observed the 
formation of a spongy butadiene polymer at a temperature not above 20° C, 
and also the sensitivity of this reaction to the action of light and to the duration 
of the process, especially in its first stages before the formation of sizable 
quantities of spongy polymer. 

The formation of spongy polymer was studied in greater detail by Khokhlov- 
kin. Koblyanskii and Piotrovskii observed the formation of spongy polymer 
during the thermopolymerization of butadiene at 40° to 60° C, and Koblyanskii 
and Rokityanskii observed its formation during the polymerization of butadiene 
in the presence of sodium and carbon dioxide. In this case, beeause of the com- 
plete inhibition of polymerization of butadiene by organic sodium compounds 
which are destroyed by the carbon dioxide, the authors observed the formation 

of spongy polymer on the surface of the sodium. 
In conclusion it should be noted that a substance similar to this spongy 
polymer is formed during the polymerization of chloroprene’, and is known as 
w-chloroprene polymer. 

In the present work we shall describe the results of a more detailed investiga- 
tion of the formation of spongy butadiene polymer. 


EXPERIMENTAL PART 


The authors have proved (in coéperation with M. I. Lyutina) that the 
formation of spongy butadiene polymer is accelerated by the addition of a 
number of metals to butadiene. For example, the process is accelerated by the 
addition of iron, tin, nickel, aluminum, zinc, magnesium, barium, silver, gold, 
and other metals to the butadiene. On the contrary, the formation of spongy 
polymer was not observed on lead or on copper. 

The formation of spongy polymer is also accelerated by the addition of 
crystals of inorganic salts, such as potassium dichromate and sodium chloride 
to the butadiene. It was proved also that, in the absence of iron, the spongy 


* Translated for Rusper CHEMIstRY AND TECHNOLOGY by Alan Davis from the Journal of Applied 
Chemistry, Vol. 22, No. 5, pages 518-523 (1949). 
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polymer is formed, not only at temperatures up to 60° C, but also at 80°, 90°, 
and even 106° C. This disproves the contention of Harries*, who related the 
formation of spongy polymer to the conditions of polymerization of the hydro- 
carbons of the butadiene series at room temperature. 

The formation of spongy polymer on iron is of the following general char- 
acter. In the first stage of polymerization (at 60° C this stage lasts 10-15 days), 
although butadiene is polymerized to the cyclic dimer of ethenyl-1-cyclohexene 
and to a soluble polymer, on neither iron nor on glass are there any visible indi- 
cations of the formation of spongy polymer. 

After this initial period, various small nuclei appear on iron, and these con- 
tinue to grow and ultimately fill the whole ampoule with spongy polymer. In 
specially conducted experiments we established that, when iron or any other 
substance which accelerates the formation of spongy polymer is introduced 
into the butadiene, the acceleration of the polymerization process depends on 
this formation. These data were obtained by extracting the polymer with 
benzene. 

It turns out that, after extraction of the dissolved polymers and spongy 
polymer from the total quantity of dimer obtained, the dimer and dissolved 
polymer are removed in quantities corresponding to those which are formed 
during the polymerization of butadiene without iron. 

In our preceding work’ it was shown that, after careful extraction of oxygen 
and peroxides from the butadiene and from the apparatus during the thermo- 
polymerization of butadiene, only the butadiene dimer is formed and no thermo- 
polymer. Following the experimental technique described in the previous 
work’, we proved that, by careful extraction of oxygen and peroxides from the 
butadiene, the apparatus, and the iron (which is introduced into the ampoule), 
no spongy polymer is formed on the iron. 

The results of these experiments are given in Table 1. 


TABLE 1 


FoRMATION OF Sponay POLYMER ON IRON WITH AND WITHOUT 
EXTRACTION OF OXYGEN AND PEROXIDES 
Quantity 
of spongy 


Polymer- polymer 
ization formed 


times © 


i) 
(days) Experimental conditions butadiene) 

15 With careful extraction of oxygen and peroxides None 

Without extraction of oxygen and peroxides 5.5 
25 With careful extraction of oxygen and peroxides None 

Without extraction of oxygen and peroxides 29.8 
46 With careful extraction of oxygen and peroxides None 

Without extraction of oxygen and peroxides 75 


Thus, during the formation of spongy polymer, an accelerating action is 
exerted by the oxygen and peroxides. However, the presence in the butadiene 
of a surface layer of most of the metals or certain crystalline substances ac- 
celerates the formation of spongy polymer. The activating action of these 
substances is a process resulting from the adsorption of the peroxides from the 
butadiene undergoing thermopolymerization onto the surface of the metal or 
salt, as a result of which the molecules are activated, with formation of spongy 
polymer. 

If this hypothesis is correct, then when the surface area of the iron or other 
metal increases, the formation of spongy polymer is accelerated only up to a 
definite surface area of the iron, that is, it is accelerated only to the point where 
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TABLE 2 


ForMATION oF Sponacy PoLYMER FOR DIFFERENT SURFACE AREAS OF IRON 
(EXPRESSED AS PERCENTAGE OF BUTADIENE) 
Series of Surface area of iron (in sq. cm.) 
en — 


experi- ——_— ABEL PEELE AERC 
ments . 0.23 F 1.26 2.49 6.14 9.87 12.26 


1.3 5.5 9.7 7.8 — 7.0 
1.8 ; 7.3 11.0 14.4 13.0 15.3 
— t 3.0 4.6 — 6.4 me 





the surface of the iron corresponds to the adsorption of a unimolecular layer of 
the total quantity of peroxides on the surface of the iron. A further increase 
of the surface area of the iron does not appreciably affect the formation of 
spongy polymer on the iron, since activation of the peroxide molecules has 
already started. We performed a number of experiments to ascertain the 
influence of the surface area of the iron on the formation of spongy polymer. 
The experiments were sonducted without carefully removing the oxygen and 
peroxides from the butauiene, the apparatus, or the iron. In these experiments 
the butadiene used had been regenerated from its tetrabromide, purified with 
alkali, and dried by calcium chloride and metallic sodium. In all the experi- 
ments the total amount of butadiene was disregarded. Identical weights of 
butadiene were introduced into ampoules of standard size, and thereby the 
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Surface area of iron in 3q. ¢mM. 
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Fie. 1.—Effect of surface area of iron on the formation of spongy polymer. 


I—First series. 
II—Second series. 
Il1I—Third series. 


influence of the weight of the butadiene could be ignored. In all the experi- 
ments 5 grams of butadiene was used. The dry purified butadiene was con- 
densed into a graduated ampoule, from which it was again evaporated and con- 
densed at 80° into ampoules containing iron of different surface areas. The 
experiments were conducted at 60° + 0.10° C. The polymerization process 
lasted 15 days. The results of the experiments are given in Table 2 and are 
shown in the graph. It is evident from the graph that an increase of surface 
area of the iron accelerates the formation of spongy polymer only up to a certain 
limit. For example, in all the experiments a weight of butadiene equal to 5 
grams was used, and an increase of the surface area of the iron to an area 
greater than 2.5 sq. cm. did not result in the formation of any more spongy 
polymer from the butadiene. Consequently, when this surface area is reached, 
adsorption of the peroxides from the butadiene in the form of a unimolecular 
layer on the surface of the iron is assured. 

To prove these assumptions, we performed experiments in which polar sub- 
stances which do not inhibit the polymerization reaction were added to the 
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butadiene. These experiments were based on the following considerations. 
If our assumption was correct that, in the formation of spongy polymer, the 
metallic surface acts as an adsorbent for the peroxides, then by adding polar 
substances to the butadiene, there is formed a protective layer on the surface 
of the iron which inhibits adsorption of the peroxides, and consequently inhibits 
formation of spongy polymer. For such substances we selected organic acids. 
According to published data®, benzoic acid has no accelerating effect on the de- 
composition of peroxides. The experiments showed that when 0.001 per cent 
of benzoic acid, and iron having a surface area of 1 sq. cm. are added to buta- 
diene, no spongy polymer is formed on the iron. These results were also ob- 
tained by the addition of stearic acid and oleic acid with iron to the butadiene. 
Finally, by adding benzoy! peroxide and iron to the butadiene, we proved ex-" 
perimentally that peroxides accelerate the formation of spongy polymer on 
iron. By adding only iron to the butadiene, we observed the formation of 
spongy polymer after 10-15 days at 60° C, though a very insignificant quantity 
was formed. Adding 0.076 per cent by weight of benzoyl peroxide to buta- 
diene, we observed the formation of spongy polymer at 60° C, and when 0.9- 
1.0 per cent by weight of benzoyl peroxide was added to butadiene under the 
same conditions, the butadiene was converted into spongy polymer. 


INTERPRETATION OF THE RESULTS 


On the basis of these experiments, it was established that a necessary condi- 
tion for the formation of spongy butadiene polymer, as well as for the formation 
of rubberlike butadiene polymers, is the presence of oxygen or peroxides. The 
formation of spongy polymer, in contrast to the formation of soluble polymers, 
is accelerated by the addition of metals (except lead and copper) and certain 


crystalline substances to the butadiene. When these substances are added, 
the formation of spongy polymer takes place at practically the same tempera- 
ture as does the polymerization process. Removal of oxygen and peroxides 
from the butadiene and from the apparatus, even when iron is added to the 
butadiene, completely inhibits the formation of spongy butadiene polymer. 
The basis of this formation of spongy polymer must be regarded as an independ- 
ent tendency of the polymerization process which proceeds parallel to the forma- 
tion of cyclic butadiene dimer and the soluble rubberlike butadiene polymer. 
However, if only temperature affects the formation of butadiene dimer, and 
only oxygen and peroxides affect the formation of soluble butadiene polymer, 
then the additional activation of peroxides by adsorption on specific surface 
areas is still necessary for the formation of spongy polymer. 

Thus, the thermopolymerization of butadiene can be expressed in the 
following way: 

(temperature) (oxygen and peroxides) 
Dimer ¢ Monomer > Polymer 








oxygen and peroxides 
activation by 
adsorption 





¥v 
Spongy polymer 
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The accelerating action of the surface area of iron on the formation of spongy 
polymer continues up to the specific limit ; besides, if, on the basis of the experi- 
mental data obtained, an approximate calculation of the peroxide content of 
the butadiene is made, then one finds that in the butadiene used in this experi- 
ment, the content of active oxygen is about 1.10-*-1.10-* per cent. This 
agrees with data obtained experimentally by Talmud, Golding, and Aldakush- 
kin®. By this calculation according to the equation: 

1 
oun = NN 
where Gy is the number of gram-molecules of the adsorbed substance during 
saturation of the adsorbed layer, N is the Avogadro number, and S is the area 
occupied by one polar group in the saturated layer. 

The same quantity of peroxides as of organic acids (22 10~* sq. cm.) was 
used, and according to the calculation there are either 2 or 4 polar groups in the 
peroxides. 

By such calculations, we determined that the addition of 0.001 per cent by 
weight of benzoic acid to butadiene, where the total quantity of butadiene is 
5 grams and the surface area of the iron is 1 sq. cm., forms a unimolecular layer 
on the surface of the iron, and this prevents the formation of spongy polymer. 

Finally, the acceleration of the formation of spongy polymer on iron when 
benzoic peroxide is added to the butadiene is clear proof of the validity of our 
assumptions concerning the formation of spongy polymer. 
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CONCLUSIONS 


1. It is shown that the formation of spongy butadiene polymer is accelerated 
by the addition to the butadiene of most metals and certain crystalline sub- 
stances. This spongy polymer is not formed on lead or copper. 

2. It is shown that the formation of spongy polymer on iron takes place at 
practically any polymerization temperature. 

3. It is proved that in the absence, both in the butadiene and in the appara- 
tus, of oxygen and peroxides, no spongy polymer is formed, and also that per- 
oxides accelerate the formation of spongy polymer. 

4. It is proved that the activation of the formation of spongy polymer by 
iron is of an adsorptive nature, and the formation of spongy polymer on iron 
can prevent the formation of a unimolecular layer of a polar substance on the 
surface of the iron. 

5. An outline scheme of the process of thermopolymerization of butadiene 
is given, with experimental data on the formation of its cyclic dimer, of a rubber- 
like polymer, and of the spongy polymer. 
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Like many olefins', natural rubber is capable of reacting with sulfur dioxide, 
with formation of a sulfone. The reaction is a chain reaction which is started 
by certain catalysts. The structure of the rubber sulfone is: 


CH; 
—CH—CH;—CH,—C—— 


\ J 
oh / 


‘so. ; 


and the theoretical proportion of sulfur is 24.2 per cent. 
Table I gives some experimental results obtained in the reaction of rubber 
with sulfur dioxide. 


TABLE [| 


Some EXPERIMENTAL CONDITIONS IN THE REACTION OF 
RvBBER WITH SuLFuR D10xIDE 


(Four per cent solution of rubber hydrocarbon. Concentration of sulfur dioxide 
in the reaction mixture, 25 per cent by volume) 
Percent- 
Tem- age of 
perature sulfur 
Percentage of catalyst Time of of re- in the 
Solvent (based on the rubber) reaction action product 
Benzene 5% diazoaminobenzene 20 min. e. 32 
Chloroform 5% diazoaminobenzene 20 min. O°. 13 
Benzene 1% lithium nitrate 24 hr. 10 +16 
Benzene 4% lithium nitrate 24 hr. 10 20 
Benzene 5% silver nitrate 24 hr. 10 11 
Benzene 0.2% nitric oxide (NO) 0.5 min. 18 
Benzene 0.4% nitrous anhydride (N.O;) 1 min. 16 
Chloroform 0.2% nitrous anhydride 1 min. 12 
Benzene 0.5% nitric acid 1 min. 17 
Benzene 0.5% sodium nitrite (aqueous solution) 1 min. 18 
Benzene 5% benzoyl peroxide 3 hr. 0.6 
Benzene 5% ascaridol+trace of hydrogen 
chloride 1 min. 
Benzene 5% tert-butyl hydroperoxide 0.2 min. 
Benzene 5% tetraline hydroperoxide 0.2 min. 
Benzene 5% 1-hydroxycyclohexy!] hydroperoxide 0.2 min. 


17 
19 
18 
18 


oococo cooococco 


It was found that diazoaminobenzene and its derivatives are catalysts of 
this reaction. If about 5 per cent of catalyst (based on the rubber) and about 


* Translated for RusBER CHEMISTRY AND TECHNOLOGY from the Revue Générale du Caoutchouc, Vol. 
27, No. 12, pages 731-732, December 1950. 
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25 volume-per cent of sulfur dioxide are added to a rubber solution, the reaction 
is evident by a pronounced gelling of the solution. After some minutes at 0° C, 
it is possible to isolate products containing close to 12 per cent of sulfur, 7.e., 
0.4 mole of combined sulfur per isoprene unit. The catalyst acts only in the 
presence of a little oxygen. Diazoaminobenzene can likewise be used as a 
catalyst of the reaction between solid rubber and liquid sulfur dioxide. 


CATALYSTS OF THE REACTION OF RUBBER WITH SULFUR DIOXIDE 


It was found by Hilton? that lithium nitrate and silver nitrate catalyze the 
reaction between rubber and sulfur dioxide. Lithium nitrate, which in the 
proportion of 2 per cent on the rubber, is a very effective catalyst, gives pro- 
ducts containing 20 per cent of sulfur after the reaction has continued for 24 
hours at 0° C. This catalyst can be utilized in the reaction of both solid rubber 
and rubber in solution. 

Furthermore, the gases, nitric oxide (NO) and nitrogen tetroxide (N20O,), 
were found to be considerably more active than these nitrates. Very small 
proportions of either of these gases are sufficient, and subsequent addition of 
sulfur brings about immediately a very energetic reaction between the rubber 
in solution and the sulfur dioxide. 

Supposedly the catalytic effect of lithium nitrate and of silver nitrate is 
related to the analogous effect of nitric oxide and of nitrogen tetroxide, for pre- 
sumably these gases are liberated slowly from the nitrates under the influence 
of sulfur dioxide, and perhaps also of moisture. 

Likewise very small percentages of aqueous solutions of sodium hydroxide 
and of nitric acid catalyze the reaction between rubber and sulfur dioxide, and 
in these cases too it may be assumed that nitric oxide and nitrogen tetroxide are 
evolved. 

Tetralin hydroperoxide tert-butyl hydroperoxide, and 1-hydroxycyclohexyl 
hydroperoxide are very active catalysts. A small percentage, based on the 
rubber, added to a solution of the latter, causes a violent reaction, with formation 
of products containing up to 20 per cent of sulfur. Benzoyl peroxide is not an 
active catalyst under these conditions. As far as ascaridol is concerned, it is an 
- active catalyst only in the presence of traces of hydrogen chloride. 

As with the reactions between olefins and sulfur dioxide, the reaction be- 
tween rubber and sulfur dioxide has a limiting temperature, which, when carried 
out in an autoclave with lithium nitrate as catalyst, is around 40° C. In 
practice, the reaction is maintained within the range of —10° to 15° C. 


PROPERTIES AND APPLICATIONS 


The properties of rubber sulfones depend to a great extent on their sulfur 
content. Up to 5 per cent of sulfur, the products are elastic ; with higher sulfur 
contents they are leatherlike in character ; with still higher sulfur contents they 
have the character of horn; finally with the highest percentages of sulfur they 
are hard and brittle. 

These sulfones of rubber are very difficult to process because of their in- 
solubility and their lack of thermoplasticity, which results from the number 
of intermolecular bonds. A sulfone containing 20 per cent of sulfur does not 
swell in common organic solvents, but it does dissolve in concentrated sulfuric 
acid and concentrated nitric acid. Rubber sulfones can be precipitated from 
their solutions by dilution with water. 
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A very promising application’ is the production of fibers by extrusion 
through a perforated plate of a solution of rubber containing a hydroperoxide 
into a solution of sulfur dioxide. It is possible also to obtain films by a similar 
process. 
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INTRODUCTION 


Standard chemical reactions can often be carried out, not only on the custom- 
ary small organic molecules, but equally on regular, high molecular-weight 
polymers. In such cases statistical effects may sometimes be observed to in- 
fluence both the kinetics and the final composition of the products, whereby 
light may be shed on the reaction mechanism and on the structure. In simple 
cases to identical adjacent repeating units of a polymeric chain cooperate in an 
individual irreversible reaction step, usually to achieve a ring structure. If 
the unit be denoted by J, and the polymer chain by J, or 


...—IJ—I—I—I—I—I—I—I—... 


one may picture the following partly reacted section of a polymer chain: 


ta) 1) 1-1. 


in which the ringed couples are supposed to have reacted to form rings. Since 
the isolated J unit lying between the two rings shown is actually precluded from 
later reaction for want of a partner, the reaction cannot proceed to stoichio- 
metric completion. Flory' calculated the proportion of these ‘widows’ (iso- 
’ lated units) in the final polymer to be 1/e? (7.e., 13.53 per cent) of the original 
I units, on the assumption that at each stage every couple of adjacent unreacted 
units has an equal chance of reaction. This result is practically independent 
of the degree n of polymerization, provided n exceeds about 15 or 20. Flory! 
and Wall? extended the calculation to the more complicated reactions of co- 
polymers, and obtained results of importance for the experimental investigation 
of the arrangement of monomer units in the chain. Marvel and Levesque’ 
and Gordon‘ pointed out that the cyclization of rubber is subject to this statis- 
tical effect and that analytical data on the unsaturation percentage of cyclized 
rubber by Fisher and McColm!‘, which were previously unintelligible, actually 
provide the best known experimental verification of Flory’s theory. The 
kinetics of this cyclization, catalyzed by 70 to 80 per cent sulfuric acid, were 
studied‘ by an emulsion technique on the basis of measurements in a diffusion 
gradient tube of the density of purified samples of the flocculated polymer. 
The mechanism supported by this work was: 


* Reprinted from the Proceedings of the Royal Society (London), Series A, Vol. 204, pages 569-584 (1951). 
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CH,—CH, CH,—CH, 


H H, fast CH, C—CH, 
\ WA protonation Oe VA 
R—CH,—C CH—CH,—R ——————— R—CH,—C+ CH—CH,—R 


I It 


rubber fast 
transfer 


CH,—CH, CH,—CH, 


CH, C—CH, slow CH, a H; 
\ WA deprotonation * 
R—CH,—C——C—CH,—R —— R-CH, ,—_C—_CH—CH,—R 


CH CH 
* IV * I 





CH; 


Two of the original isoprenic units J (vs, 


| ) in rubber 
here join to form a ring such as IV, and a theory was deduced for the statistical 
kinetic effect. This is due, of course, to the variations in status of an J unit as 
regards its chance of reacting, according to the number of its neighbors (0, 1, 
or 2) already reacted at time ¢ during the reaction. The effect should manifest 
itself in a deviation from unity of the reaction order, initially to 1.5, and at the 
end of the reaction to about 1.16. Such deviations were not detectable by the 
gradient tube technique, and the present work was undertaken to confirm the 
rate equation by a more sensitive dilatometric method. 

The chief value of the accurate confirmation actually obtained below lies in 
the consequent proof that the polymer forms part of the activated complex 
which determines the rate of the reaction. Such complexes involving polymers 
(cf. the propagation step of polymerization) are interesting as regards the 
entropy of activation and in other ways. Many simple diisoprenic terpenes such 
as dihydromyrcene cyclize under similar conditions as rubber, and undoubtedly 
by an analogous mechanism. Since they are not subject to the statistical effect 
under discussion, however, they do not lend themselves to this direct demon- 
stration of their participation in the rate-controlling process. In fact, kinetic 
measurements on these terpene cyclizations are still not available, though the 
emulsion technique should render them quite feasible*, and the polymer rubber 
has proved to be a suitable model compound for the lower terpenes, not only 
because of its advantageous statistical effect, but for its ease of manipulation 
also. Apart from throwing light on the role of the polymer in the mechanism, 
the measurements here reported strengthen the conclusions concerning the 
part played by the sulfuric acid. The fair correlation between the reaction 
rate and Hammett’s acidity function previously noted is quantitatively con- 
firmed. The conclusion that deprotonation rather than protonation is rate- 
determining still appears to hold, though one of its supports is weakened by a 
reduction in the accepted frequency factor resulting from these more precise 
measurements. 


DERIVATION OF THE STATISTICAL KINETIC EQUATION 


It will be assumed that cyclization is initiated by suitable activation on an 
isoprene unit J in the rubber chain, followed by attack of this unit on its right- 
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hand neighbor to form a ring (e.g., as in (1)), provided this neighbor has not 
already cyclized. The relative rates of these two steps, and the degree of re- 
versibility of the first step (activation), affect only the meaning of the overall 
rate constant k, of the statistical kinetic equation deduced below. Nor is the 
equation affected if activated units are allowed to cyclize with their left as well 
as their right neighbors at rates remaining proportional to each other. The law 
of mass action in terms of weight concentrations is assumed, and the derivation 
may be visualized as applied to one rubber chain with N (Avogadro’s number) 
units, weighing 68 grams. 

Imagine the chain cut at time ¢ into chain segments and ring segments by 
severing all junctions between rings and uncyclized units, or between one ring 
and another. Denote the weight fraction of ring segments by r, this being a 
convenient measure of the degree of cyclization attained. The weight fraction 
of chain segments of exactly k adjacent J units may be denoted by % Thus: 


r+S—1 and dr/dt =—Sdis/dt (2) 
1 1 


The exact rate equation for the growth of r is: 
dr/dt = kik — 1)/k = k,l —r — Dik/k) = k(1 —r —(N./N)) (3) 
1 1 


This is deduced by noting that rings are formed from the various chain seg- 
ments comprising k adjacent J’s at rates proportional to ¢, (law of mass action), 
but also proportional to (k — 1/k, because each segment contains one out of its 
k units which is ineffective. The ineffective unit is the one at the right end, 
whose activation cannot lead to cyclization for want of a right-hand partner. 


wo 
In the second equality of (3), the term >i./k represents the deviation from 
l 


first-order kinetics, and in the third equality this is equated to N./N, where N, 
is the total number of chain segments irrespective of length. 

The weight fraction i; has a rate of change which is the balance of its rate of 
formation and rate of decay: 


di,/dt = kk (2 > in/n — u(k — v/k) (4) 
aenatin decay 


Thus its rate of change is proportional to the number k of J units involved. 
The term k + 2 under the summation sign indicates that the chain segment with 
k units can be created only from segments having at least two extra units. 
The multiplier 2/n affecting 7, applies, because activation of two only out of the 
n units in an n-chain is favorable to such a creation. For instance, a segment 
of five can be created out of one of nine units in the following two ways: 


9 
jes FE ES ARE AE RT STE AT I 





First way: R—I—I—R—I—I—I—I—I—R 
5 





or 


Second way: R—J—J—I—J—I—R—I—I—R 
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The term in (4) for the rate of decay is explained as the similar term in (3). 
One can simplify the system of Equations (3) and (4) by eliminating all fractions 
except r, 7; and 73: 


dr/dt = k,l —r — i; — 42/2 — di,/dt) (5) 


Further simplification, leading to the exact functional dependence of r alone on 
t, though theoretically possible, seems difficult. A very satisfactory approxi- 
mate solution will now be derived by estimating the term N./N in (3). This 
solution is integrable, agrees with the exact solution asymptotically at the be- 
ginning (r = 0) and end (r; = 0.8647 = 1 — 1/e? = 1 — iy), and rests inter- 
mediately on a plausible physical picture of the approximate distribution of the 
segments. 
If N, is the total number of rings at any time #, we have: 


N,/N =} (6) 


Let X be the fraction of the rings which are neighbored on the right by another 
ring, 7.¢., a parameter measuring the degree of clustering together of the rings 
in the distribution of rings and chains during cyclization, so that: 


N./N = (1 — X)N./N = 3(1 — X)r (7) 


since the number JN, of chains is equal to the number of those rings which are 
not neighbored by a ring on the right. The rate Equation (3) becomes: 


dr/dt = k,(1 —r — 3(1 — X)r) (8) 


At the beginning of cyclization, when r is very small, X must approach zero, 
while later as r grows, X grows. Putting X equal to zero, the initial rate 


equation becomes asymptotically: : 
dr/dt = k,(1 — 1.5r), initial reaction (1.5 order) (9) 


This law does not represent the further course of the reaction, e.g., it brings 
cyclization to an end (dr/dt = 0) when r = 0.6667 instead of 0.8647. To find 
X approximately as an increasing function of r, one notes that the isoprenic 
unit lying just to the right of a ring may either be found cyclized with its right 
neighbor or not, and that X is the ratio of the probabilities of these two events. 
If we choose an isoprene unit entirely at random (without requiring it to lie to 
the right of a ring), the probability of it being found cyclized with its right-hand 
neighbor, the same as that of being found cyclized with its left neighbor, is $r. 
The probability of it not having cyclized with its right neighbor is 1 — (4r), 
and the ratio of the two events of interest is accordingly r/(2 — r) for an en- 
tirely arbitrarily chosen unit. Assuming that this represents also the required 
ratio for a unit lying just to the right of a ring, an assumption probably near to 
the truth, there results: 

X'=17r/(2 — 1) (10) 


One can test this assumption at the end of the reaction by substituting (10) in 
(8) and putting dr/dt equal to zero. Solving for r, one obtains r = 1 instead 
of 0.8647 as the final degree of cyclization. It is clear that the clustering tend- 
ency X of the rings at the end of the reaction has been somewhat overestimated 
by (10), but a mere 10 per cent adjustment in X is required, as shown by the 
term 0.902 in (11), to obtain the correct asymptotic behavior (r; = 0.8647) in 
(12): 

X = (r/(2 — r)) X (@ — 3)(e? + 1)/(e — 1) = 0.902r/(2 — r) = (11) 
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and by substitution in (8): 
dr/dt = k,(1 — r — (4r)(1 — 0.902r/(2 — r)) (12) 


On the basis of the underlying physical meaning, there is little reason to suppose 
that X will deviate at all seriously from (11) in the earlier parts of the reaction, 
where in any case the Equation (12) becomes progressively less sensitive to such 
deviations. Further adjustments are accordingly not warranted, and the de- 
sired approximate rate Equation (12) is integrated to: 


t = F(r) — F(r:) = k.{ — 0.3569 log(0.8674 — r)/(1.187 — r) 
—0.5909 log((1.0257 — r)? — 0.259) — 0.4846} — F(r;) (18) 


where r; in the integration constant F(r;) denotes the initial degree r of cycliza- 
tion. It is shown in (5) that experimental data confirm this equation in prefer- 
ence to a first-order law. 


THE EQUILIBRIUM POLYMER AND ITS STRUCTURE 


The statistical kinetic theory of Equations (3) and (4) and the statistical 
thermodynamic theory of Flory' can be unified and checked against each other. 
The following infinite series is postulated: 


di,/dt = — 2) (S,/n)(di,/dt) (14) 

3 
and permissible values of the coefficients S, found by comparing coefficients of 
i, in Equation (4), using successively the values k = 1, 2,3, etc. The result is: 


S, = 2(1 + Ss + Sat +--+ + Sa-2)/(n — 1) (15) 


which is precisely Flory’s equation (3) for the number S, of units J out of an 
n-chain which is the average “‘widowed”’ in the whole course of the reaction. 
Integration of (13) yields: 


hat = Bde (16) 
3 


which correctly asserts that the current fraction 7, of widows at time ¢ is equal 
to the final value minus the fraction yet to be widowed from among all the chain 
segments remaining at that time. The distribution function of rings and chain 
segments during, or of R and J units at the end of the reaction, though implicit 
in Equations (3) and (4), has not been solved. A reasonable model with a cal- 
culable distribution function for the statistically cyclized rubber can be derived. 
It correctly contains 13.53% J units and 86.47% R’s by weight, t.e., about three 
rings to an isoprene unit, in a random copolymer structure schematized thus: 


—RIRRIRRRRIRIRRRRRRIRIRRRIRRRRRIR— (17) 


As cyclization is irreversible, two J’s must not come together. The model is 
constructed by imagining 3 X 13.53 = 40.59 per cent of a monomer JR, con- 
sisting of an isoprenic unit flanked on its right by a ring, to copolymerize ran- 
domly with 59.41 per cent of a monomer R. The distribution function of this 
model is readily calculated, and from it the interesting conclusion can be drawn 
that 51.54 per cent by weight of the unit RJR can be cut from the cyclized rub- 
ber by judicious splitting of links in the polymer chain (17). This shows the 
usual representation of cyclized rubber as (R), to be quite inadequate. 





KINETICS OF CYCLIZATION OF LATEX 


EXPERIMENTAL 


About 1300 grams of acid latex was compounded, essentially as described in 
previous reports’ by mixing Dunlop 60 per cent Hevea rubber latex with a 
stabilizer and sulfuric acid. Four kinetic runs were undertaken over a period 
of 4 months by following the volume change of the latex during cyclization in 
the thermostatically controlled Pyrex dilatometer shown schematically in Fig- 
ure 1. At elevated temperature the stem of the dilatometer passed through a 


TABLE 1 


Percent- 
age con- 

centration ¢ Rate constant 
of HO, ks (min.~) 


78.1 0.00021 
78.1 0.01732 
78.1 
70.9 
; 79.23 
298.5 corrected to 78.1 


lid covering the thermostat (not shown), and the control was to one-thirtieth 
degree or better. The fifth run recorded in Table 1 was intended as a check, 
being based on a latex compounded from a different shipment, and by its excel- 
lent concordance proves that the rates are reproducible. The run numbered 
4 was on a latex obtained from the acid latex of runs 1 to 3 by dilution with a 
known amount of water, to check the influence of acidity on rate (see later). 








travelling 
microscope 


dilatometer stem | 












































Fie. 1.—Sketch of dilatometer. 


The full details of measurement and checks quoted hereafter refer to the model 
run 3, comprising 66 measured points taken consecutively during one day. 
Detailed calculations were also performed on runs 2 and 5, and gave on all 
accounts substantially equally good agreement. In particular, the results 
fitted the statistical law better than a first-order equation. 

The acid latex was stored in a dropping funnel at —20° C in a frozen condi- 
tion. When required for filling the dilatometer, it was allowed to attain about 
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+10° C, stirred and evacuated to 1 inch of mercury for about 10 minutes. The 
evacuation was found essential to avoid the evolution of a small amount of gas 
during the dilatometric run. The dilatometer was filled and weighed, thus 
giving the initial density Df of the latex. Simultaneously, a sample was drawn 
for titration of the acid content by alkali, and one flocculated for the determina- 
tion in a diffusion gradient tube of the density Df of the pure polymer phase at 
that instant. The weight percentage of rubber in the latex was slightly vari- 
able from run to run, owing to creaming effects of the heavy sulfuric acid phase 
on the light rubber phase. The effect of this on the overall composition of the 
large remaining latex bulk was negligible. The correct rubber content of the 
latex in the dilatometer was calculated in two different ways, on the assumption 
that creaming did not disturb the kinetically significant concentration c(H:SO,/ 
(H-SO, + H:0)) of the acid. The first calculation was based on Dé and D?, 
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Fic. 2.—Plot of degree of cyclization r against t min. O, run 3: X, run 4. 


the second on the acid titration. Close agreement between the two values 
obtained justified the assumption just mentioned, and the value based on the 
titration was accepted. The dilatometer was immersed in the thermostat, and 
6 minutes was allowed for thermal equilibration. The initial zero reading of the 
latex meniscus in the stem was then taken. The density Df of the polymer at 
this instant was still close to Df, the small change during equilibration being 
readily estimated from the subsequent rate. The isothermal contraction during 
the run was followed by noting the meniscus displacement M (cm.) from its 
original zero position to its final M;. Since the total volume contraction during 
cyclization was less than 2 per cent, no stem correction was necessary for the 
cold latex drawn from the dilatometer stem into the dilatometer during the run. 
This omission of this very small and uncertain correction favors a first-order law 
over the statistical one, since it must cause a drop in the apparent reaction order. 
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Curves showing the reaction progress r against time ¢ are plotted in Figure 2. 
For this purpose r was calculated from the linear relation (21) linking it with 
M. Table 3 gives all the observed values of M and ¢ for run 3. 


CHECK ON THE VALIDITY OF THE TECHNIQUE 


The rate constants of the dilatometric runs 2, 3 and 4 agree within a factor of 
two to three with the previous work based on measurement of D? in a gradient 
tube. This would be accounted for by an error of about 2 per cent in the sul- 
furic acid concentration c, but agreement is actually somewhat better, because 
the present rate constants k, refer to the statistical law and take cognizance of 
the induction period (see later), while the previous work employed first-order 
constants k;. The much less satisfactory agreement of the k, values for the 
runs at 25.3° C with the previous rate constants reflects a lower activation 
energy than previously found, a discrepancy discussed later. 


TABLE 2 
DETAILS OF MEASUREMENTS FOR RuN 3 


Immersed volume of dilatometer ,: = 3.754 
Rate of meniscus movement with latex volume aM /dV » =128.7 cm.~? 
Initial density of latex at 25° C DP = 1.4985 g./ml. 
Rubber content calculated from compounding, by weight 19.1% 
Actual accepted rubber content (see text) 16.3% 
Mean mass of rubber in V during run (eale. at 25° C) = 0.926 g. 
Observed final meniscus displacement =9.45 cm. 
Density of (slightly cyclized) starting polymer (25° C) =0.920+0.001 
Estimated polymer density at first meniscus reading (25° C) =0.922+0.002 
Df calculated from Equation (18) as a check = 0.920, 
Final density of cyclized polymer (25° C) Df =0.981; 
Mean apparent coefficients of cubical expansion measured : 
H.SO, (79%) = 0.00055; ri 
Initial latex (slightly cyclized) Cr =0.00053; ° C7 
Final latex (fully cyclized) CH = 0.00046 ° C-1 


As an independent check on the validity of the present method, the total 
measured volume contraction was calculated from My; and compared with the 
separately measured density change of the polymer phase proper. To this 
end the practically stationary final density D? of the polymer was measured in 
a gradient tube at the end of the run, and D? calculated from M, for comparison 
with the measured value, i.e., the corrected value based on Df. As shown in 
Table 2, Df calculated from M; according to Equation (18) was 0.920,, while 
D& was found 0.920 + 0.001 and D? estimated therefrom 0.922 + 0.002. This 
agreement shows satisfactorily that the dilatometric volume change of the 
latex reflects the volume change of the rubber particles in it during cyclization, 
especially if it is borne in mind that small effects due to nonrubber components 
in the latex have been neglected and that a large number of measurements 
enter into the calculation. In particular, the dilatometric volume change being 
measured at 65.3° C, but the polymer densities at 25.3° C (AT = 40° C), a 
correction was required for the difference of the apparent coefficients of expan- 
sion of the initial latex C? and the final latex C?. Thus, since the coefficient of 
expanison of the starting polymer (slightly cyclized rubber) was about 0.0005, 
but that of the fully cyclized rubber only about 0.0002, the volume contraction 
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of the latex at 65° C was about 16 per cent larger than at 25°C. The F” values 

were measured in the same dilatometer over the same range 7’, so that disturbing 

effects such as the small expansion of the Pyrex dilatometer itself could be 

neglected. All the measurements are recorded in Table 2 and the formula 

employed was: 

M, — ATVdM/dV(Cf — CP) 
m(dM/dV) 


On the assumption that the deprotonation step in (1) determines the rate, an 
upper limit previously estimated for the basic strength of rubber (pK, of the 
carbonium ion III < about —8) is here experimentally confirmed. Thus, 
since the volume change during cyclization must be associated very largely with 
the proton transfer step which precedes the slow deprotonation, the protonation 
and transfer equilbria in (1) cannot lie more than a few per cent over to the 
products; otherwise the slow contraction observed on the latex would corre- 
spondingly fall short of the contraction of the rubber phase during cyclization. 


1/DP = 1/DP - 





(18) 


DISCRIMINATION BETWEEN STATISTICAL KINETIC 
AND FIRST-ORDER LAW 


It will now be shown that the main central portion of run 3, covering about 
78 per cent of the measured volume change and 50 per cent of the total cycliza- 
tion reaction, conforms definitely to the statistical Equation (19), with F(r) as 
defined in (13), rather than to the first-order law (20). The comparison is 
exhibited in Table 3 by confronting the observed times t.p5. with times ¢, cal- 
culated from (19) and ¢; calculated from (20): 


TABLE 3 


DISCRIMINATION BETWEEN First-ORDER AND STATISTICAL 
CyYcLizATION KINETICS 
Meniscus 
displace- Time (min.) 
ment M A 
(cm.) ts calc. 
0.0 0 11.51 
0.148 12.12 
0.220 12.39 
0.315 12.78 
0.562 13.81 
0.655 14.19 
0.761 14.68 
1.002 : 15.74 
1.134 16.33 
1.270 16.97 
1.407 17.62 
1.714 19.16 
1.865 c 19.95 
2.020 20.76 
2.324 22.45 
.588 23.98 
777 25.14 
64 26.97 
95 27.84 
.338 ¢ 28.84 
32.80 
34.87 
36.77 
38.84 
40.75 
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TaBLeE 3—Continued 
Meniscus 
displace- Time (min.) 
ment M r — 
(em.) " ts calc. 
4.949 § 42.63 
5.226 : 45.65 
5.407 47.79 
50.87 
53.00 
55.33 
58.39 
61.46 
64.87 
68.06 
70.94 
74.93 
78.87 
84.80 
94.11 
97.91 
102.93 
108.29 
112.15 
117.32 
119.47 
124.02 
127.00 
130.91 
135.54 
142,24 
143.54 
148.89 
156.21 
160.84 
162 161.22 
165 165.98 
168 167.39 
172 173.44 
177 177.43 
187 184.36 
192 191.45 
200 199.58 
205 201.73 
220 213.49 
316 00 
393 Co) 


ka, = F(r) — F(ri) + (19) 
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where 
r; = 0.2468, F(r;) = 0.3052, xz = 0.3052, k, = 0.02652 min. 


kit; = — log(1 — r) + log(1 — rj) + 2’ (20) 
where : 


r; = 0.1879, — log(1 — ri) = 0.7261, 2’ = 0.7368, k; = 0.010307 min. 


The calculation of the times and of the r’s are respectively slightly compli- 
cated because a small initial portion of all the runs, and a very small final por- 
tion of the runs at elevated temperature, conformed with neither law. Thus in 
fitting the experimental (5. and the r values calculated from the measured 
meniscus displacements M to Equations (19) and (20), ideally only the rate 
constants k, and k; require adjustment. In practice, however, two small addi- 
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tional adjustments have to be made in both cases to allow for the initial and 
final deviations. These adjustments do not conceal any favored treatment of 
either law. Thus the first adjustment concerns a displacement of the time 
origin by an amount z or 2’, respectively, as shown in the last two equations, to 
allow for an induction period, which is visible in Figure 2 and whose significance 
is discussed in §7. Probably fortuitously, these adjustments cancelled the 
integration constants F(r;) and log(1 — r;) in runs two and three within experi- 
mental error, so that the main part of the reaction proceeded along the theo- 
retical curve for r; = 0 and absence of an induction period. 

The meniscus movement reflecting accurately the volume change in the rub- 
ber phase, is therefore linearly related to the reaction progress: 


aM =r—r; (21) 


where for Equation (19), a = 0.0669, 7; = 0.2468; and for Equation (20), 
a = 0.0897, r; = 0.1879. Ideally, the constant a should be fixed as (r; — r;)/ 
M;. However, the abnormality at the end of the reaction causes a slow volume 
change after (on the kinetic evidence) cyclization is complete, and thereby 
affects M;anda. For Equation (19), r; = 0.8647 and (r; — r;)/M; = 0.0654, 
while 0.0669 gives the best fit. Again, for Equation (20) r; = 1, the theoretical 
a = 0.08593, while a = 0.0897 gives the best agreement. The r; values chosen 
correspond closely to those calculated from Df and the density (0.900) of un- 
cyclized rubber. It is emphasized that after suitable adjustments in a and k, 
(but not k,), variations in the assumed r; of +0.1 leave the fit of Equation (19) 
practically, and that of Equation (20) exactly, unaltered, because of an in- 
variantive property of the first order law. Table 3 lists the times é.p.., and the 
times ¢, and ¢;, respectively calculated from Equations (19) and (20), with the 
aid of (21). 

After an induction period of about 20 minutes, 28 out of 49 consecutive 
values of ¢,, covering an interval of 180 minutes, lie within 30 seconds of the 
experimental ép¢., 12 points lie between } and 1 minute, 8 points between 1 and 
2 minutes, and only one point between 2 and 3 minutes off. On the other hand, 
the ¢, values, while agreeing about equally well over the range from 20 to 70 
minutes and again at 200 minutes deviate between 70 and 200 minutes smoothly 
up to a maximum of over 12 minutes from the tos... These facts show not only 
that a conclusive experimental decision in favor of the statistical law (19) has 
been obtained, but also the high accuracy actually required for such a decision. 


DEPENDENCE OF RATE ON ACIDITY AND TEMPERATURE 


The usual Arrhenius plot of the runs listed in Table 1 is shown in Figure 3. 
The best straight line through runs 1, 2, 3 and 5 has been drawn, and from this 
the rate at 357.26° K and sulfuric acid concentration c = 78.1 per cent can be 
computed. When this is compared with run 4, at the same temperature but at 
c = 70.9 per cent, the relation: 


(22) 


is found between these two concentrations, in very good agreement with the 
value (0.17) obtained in the previous work, so that the correlation between 
reaction rate and Hammett’s acidity function Ho is confirmed®. The small 
correction of the rate of run 5, from the measured value at c = 79.23 to the 
desired value at c = 78.1, as shown in Table 1, is based on Equation (22). 
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The temperature dependence of the rate of cyclization agrees much less well 
with that previously reported, the activation energy calculated from runs 1, 2, 
3 and 5 being 25.3 keal. instead of 32.7, and the frequency factor 4 x 10" 
min.~ instead of 3 X 10'%. The main reason for these deviations must be 
sought in the runs at 25.3° C, which showed much higher rates than predicted 
from the previous work. Two explanations may be advanced for these devi- 
ations. First, while the overall activation energy of 32.7 kcal. previously found 
referred to a temperature range between 25 and 100° C, the Arrhenius plots 
showed some definite curvature, and lower values can be calculated from the 
data falling within the range 25 to 65° C here studied. Thus the three points 
in the earlier work at 78.5 per cent acid in this temperature range correspond to 
29.8 keal., the two points at 72.6 per cent acid to 24.8 kcal. of activation energy. 
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Fie, 3.—Arrhenius plot for runs 1 to 5. (For numbering, see Table 1.) 


Secondly, the previous density technique was based on the assumption of a uni- 
molecular law and was insufficiently sensitive to show the initial and final rate 
abnormalities observed in this work, and is accordingly regarded as less reliable 
in the calculations of the Arrhenius parameters of the cyclization step. 

The only serious implication of the lowering of the Arrhenius parameters at 
78.1 per cent acid and between 25 and 65° C which has thus been accepted is a 
weakening of the support previously derived from the exalted frequency factor 
for the rate control by the deprotonation step (as in scheme (1)) rather than by 
the first (protonation) step. It has been shown‘ that a very high-frequency 
factor such as 10'* min. could correlate only with a reaction step in which ionic 
charges were neutralized in the transition state, e.g., a collision between the 
cyclocarbonium ion III and an HSO,;-ion to produce IV and H.SO,. The new 
value of 4 X 10" is now normal for a unimolecular reaction, though still very 
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high for a collision between an ion and a large uncharged molecule, such as 
occurs in the protonation step. Moreover, from the previous experience cited, 
the frequency factor may be expected to rise with temperature, and certainly 
with acid concentration c, so that considerably higher values could actually be 
experimentally realized. Since the deprotonation rate control is by no means 
an unusual mechanistic feature, and has been supported also by the influence 
of the structure of various terpene substrates on their approximately known 
cyclization rates, it is still the preferred mechanism though on weaker grounds 
in view of the reduced activation entropy. 


SMALL INITIAL AND FINAL RATE ABNORMALITIES 


An induction period of reduced rate was observed in the runs at elevated 
temperature. While, as Figure 1 shows, this was particularly marked at the 
reduced acidity of run 4, it did not interfere even there with the determination 
of the rate constant of the later regular part of the reaction. Trials showed 
that the detailed course of this induction period was accurately reproducible 
for a given latex. As at 25° C the initial rate abnormality was much reduced in 
importance relative to the main change, it follows that whatever the mech- 
anism responsible for it, it must be subject to a much smaller activation energy. 
The abnormal rate period split into two phases at 25° C. The first phase on 
bringing the latex from a low temperature to 25° C and equilibrating, was a 
“burst”? of volume contraction, lasting for about 100 minutes, at first several 
times too fast compared with the later regular reaction. This slowly died down 
to a rate below the normal value and then rose back to the normal in a few hours. 
These effects were likewise reproducible and confined to the first 10 to 20 per 
cent of the total measured contraction. Whether the “burst” occurred also at 
elevated temperature is uncertain, as it would there be obscured by the time 
of equilibration of temperature, though it is visible in the slow run (Figure 1). 
Its significance is not understood, and it may indeed be connected with some 
side reaction in the complex colloidal latex system, rather than with cyclization. 
The induction period of reduced rate may be connected with the rate of diffu- 
sion of the acid catalyst into the rubber particles*, a conclusion supported by its 
low activation energy. 

Detailed consideration shows that the small induction period cannot rea- 
sonably be accounted for by any chain reaction mechanism for cyclization. 
The most plausible chain mechanism would have the effect of cyclization of a 
couple of isoprene units spread to an adjacent couple, and so on all along the 
segment of chain remaining uncyclized. This mechanism would arise, for in- 
stance, if the deprotonation step of one ring became the protonation step of the 
adjacent unit. Such a scheme would bear only superficial resemblance to the 
acid-catalyzed chain polymerization of olefins, though a number of radical 
reactions of rubber have been formulated as similar chain sequences of cycliza- 
tions involving two units at a time (see later). The correlation of cyclization 
rate with Hammett’s acidity function H» indicates a proton transfer from the 
acid to the rubber; this step would actually have to be rate controlling in any 
chain mechanism, as the alternative of deprotonation control (as in (1)) would 
not be available. A chain mechanism controlled by the activating protonation 
would, however, have a higher reaction order than here observed, indeed as 
high as two under the simplest assumptions. This will be appreciated from 
the simple argument that at half-cyclization (r = 0.5), the rate of cyclization 
would, compared with the starting rate, be halved because the number of units 
available for activation would be halved, and then again be halved because 
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each activation would, on average, lead to rapid cyclization of chains of only 
half the original length. Thus it does not appear possible that any chain 
mechanism would produce rate equations that could approach the excellent 
agreement with experiment achieved by the nonchain mechanism (1) and 
Equation (19). Moreover, the number of widowed units in a chain mechanism 
would fall to a much smaller proportion than the 13.5 per cent of Flory’s theory 
for a nonchain mechanism, which is in close agreement with Fisher and Mc- 
Colm’s analytical results on cyclized rubber‘. 

Turning now to the rate abnormalities at the end of the reaction, these 
reflect a step subsequent to cyclization proper, since the density of the rubber 
increases gradually well above the end point approached kinetically during the 
main part of the reaction. At the highest temperatures previously employed 
(90 to 100° C), at which there is some danger of oxidative side reactions, densi- 
ties up to 0.990 had been recorded. It has since been found that, at c = 78 
per cent and 60° C, ten different latexes gave definite end products whose 
densities lay between 0.984 and 0.985, even after several hours’ continued 
maintenance under these reaction conditions. The reproducibility of this 
“cyclized rubber” must be regarded as high, since most synthetic polymers are 
sold commercially on density specifications only to the second decimal place. 
The polymer density approached by the main part of the reaction in the high- 
temperature dilatometer runs was near to 0.980. The nature of the subse- 
quent shift to 0.984—5, which took several hours to complete, might be sought 
in a cross-linking or in a prototropic displacement of the remaining double 
bonds. The latter alternative seems more likely, since there appears to be no 
marked decrease in solubility or swellability. There is some intrinsic prob- 
ability that the thermodynamically less stable y-terpene form IV’ is formed first, 
and the subsequent reaction might thus be its transformation to the B-form IV: 


c—c 
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Some spectroscopic evidence has been quoted earlier’ for the presence of rings 
IV’ in cyclized rubber, though a detailed confirmation of the reaction (23) will 
require further spectroscopic examinations to be made. (23) would account, 
not only for the small volume decrease found, but also for the marked rise in 
softening point, because the semicyclic double bond would confer mobility on 
the ring IV’, while the endocyclic bond in IV would cause considerable stiffen- 
ing. 

In the runs at 25° C, the reaction was too slow to carry the polymer in 
practice beyond a density of 0.974. 


CONCLUSION 


The emulsion technique of making kinetic measurements on latex rubber, 
presents, among other advantages, much higher precision than earlier methods. 
The average reaction order of the present measurements being approximately 
1.25, the conclusive discrimination from a 1.0 order law necessitated not only 
the highest attainable precision, but also a careful investigation of the mathe- 
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matical effects of possible errors in all the parameters involved. As an illustra- 
tion of the difficulties of the earlier methods, the simple unaccelerated vulcan- 
ization of rubber with sulfur may be cited. Several investigators, working with 
bulk (as distinct from latex) rubber, assessed the order of this reaction at values 
ranging from zero to over 1. The correct value is undoubtedly unity, as shown 
by the analysis of adiabatic rate measurements’, in agreement with the most 
likely mechanism. The rate-determining step being the splitting of a sulfur 
ring without aid from the polymer, statistical kinetic effects are not encountered 
in vulcanization. Numerous examples of statistical kinetic and equilibrium 
effects probably do exist in rubber chemistry. Farmer’? has described several 
reactions of other substances (SOz2, Cl2, maleic anhydride) with two neighboring 
units of rubber atatime. Statistical effects should apply to all these at equilib- 
rium through the survival of uncyclized units; and wherever, in the absence of 
chain mechanisms, rubber enters the rate-controlling step, Equation (13) may 
be expected to apply. As an example, the empirical formula (C,oH;,Clz), has 
been accepted by Le Bras and Delalande" in support of the structure: 
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which is closely analogous to IV. Uncyclized units, probably 


HCCI—CCI—CHCI—CHCI, 
| 


CH; 


should accompany these rings, in amounts varying from 13.5 per cent down to 
negligible proportions, as the kinetic chain varies in length from units (single 
cyclization act without lateral propagation) to large numbers. The diagnostic 
value in studies of reaction mechanism of the appropriate statistical analysis is 
thus evident, though the experimentally attainable precision is here still the 
limiting factor. 

The present work has confirmed the postulated mechanism by its demonstra- 
tion that the rubber polymer enters the rate determining step in cyclization. 
It has established that this reaction is essentially not an intermolecular cross- 
linking, but a reaction between couples of neighboring units in a long chain, 
13.5 per cent of which escape from cyclization. Indeed, a purely kinetic 
proof has now been furnished of the basic fact that rubber is a polymer, con- 
taining long chains of identical units. 


SUMMARY 


Rubber cyclization provides a useful illustration of statistical effects inter- 
vening in the reactions of long-chain polymers. Analogously to known cycli- 
zations of simple diisoprenic terpenes, each individual cyclization act links two 
adjacent isoprene units in the rubber chain into a six-membered ring. How- 
ever, some of the units remain stranded between neighboring rings and escape 
cyclization for want of a partner. Thus the final polymer has a copolymer 
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structure of 86.5 per cent of diisoprenic rings and 13.5 per cent of uncyclized 
monisoprenic units. This result is derived from a statistical theory of Flory, 
and has previously found accurate experimental verification. The bearing of 
this statistical effect on the reaction kinetics has now been studied for the first 
time. Dilatometric experiments on rubber emulsions in sulfuric acid have 
shown that the cyclization reaction conforms in the main with a statistical 
cyclization law much better than with a first-order equation uncorrected for the 
survival of stranded units. High accuracy was required for this experimental 
distinction, whose importance lies in the implicit proof that the polymer units 
participate in the rate-determining transition complex, in accordance with the 
accepted proton transfer mechanism. A kinetic proof has incidentally been 
furnished for the fact that the rubber polymer contains long chains of identical 
units. When handled by an emulsion technique, this polymer can provide a 
useful “‘model compound” for its simpler terpene analogs. 

Certain rate abnormalities have been observed, including an induction 
period of reduced rate, probably connected with diffusion effects. A small 
volume change subsequent to the cyclization reaction may reflect a prototropic 
double-bond shift. The activation energy and entropy are found to be lower 
than in previous work, an effect traced in part to a curvature of the Arrhenius 
plot. The known dependence of cyclization rate on Hammett’s acidity func- 
tion Ho is quantitatively confirmed. 
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KINETICS OF CYCLIZATION OF HEVEA LATEX * 


MANFRED GORDON 
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Rubber hydrocarbon and the natural proteins are typical products formed 
by living cells with synthetic skill as yet unmatched by man. The hallmark of 
this skill is the low entropy and energy of activation appertaining to natural 
syntheses! in which “improbabie”’ and ordered transition states are achieved, 
undoubtedly through the harnessing of surface forces. When natural proteins? 
or rubber are exposed to the action of rather brutal catalysts, they are trans- 
formed into the thermodynamically more stable denatured protein and cyclized 
rubber, respectively. The brutality of these transformations is betrayed by 
the high frequency factors and activation energies, that is, the highly jumbled 
and energized transition states through which the polymers are forced to re- 
linquish some of the free energy invested in them by living tissues. Neverthe- 
less, those struggling with the difficulties peculiar to colloid and polymer chem- 
istry will find encouragement in the evidence presented here to show that, 
through its cyclization, rubber provides a model reaction for the kinetic under- 
standing of similar reactions among its low molecular weight analogs. 

When Hevea rubber, or under some conditions synthetic polyisoprene’, is 
exposed to the action of heat* of a silent electric discharge’, cathode rays‘, or 
acidic catalysts of the Lewis type’ or Bronsted type’, it is progressively resini- 
fied. The resin, like the parent rubber, has the empirical formula (C;Hs);. 
In the course of this isomerization reaction the refractive index, density, and 
softening point of the polymer increase, whereas its unsaturation decreases, and 
a definite end point is attained in these changes. Chemical theories of the 
reaction have attributed the disappearance of double bonds to cyclization, in 
particular to the mutual saturation of double bonds, or their saturation at the 
expense of broken C—H bonds. The structure of the cyclized rubber has been 
formulated as either monocyclic or polycyclic’, but a monocyclic structure is 
supported by the present work. It will be shown that substantially identical 
monocyclic rubber has been obtained by Fisher, Staudinger, and other workers, 
including the writer, by a variety of methods, despite doubts entertained on this 
uniformity by earlier workers. The most widely accepted structure® for a 
monocyclic polymer is that of D’Ianni and co-workers: 


CH,—CH; CH; 
Ps 
=O L CH,— 


CH; n (1) 





* Reprinted from Industrial and Engineering Chemistry, Vol. 43, No. 2, pages 386-393, February 1951. 
This paper was presented at the International Meeting of the Division of Rubber Chemistry of the American 
Chemical Society at Cleveland, Ohio, October 11-13, 1950. The present address of the author is the Royal 
Technical College, Glasgow C 1, Scotland. 
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As kinetic experiments on the cyclization reaction had not previously been 
reported, this work was planned primarily to fill this gap. When carrying out 
studies of rubber reactions on emulsions of rubber prepared directly from latex 
without coagulation, advantages accrue as when passing from bulk or solution 
to emulsion polymerization. Moreover, the oxidative degradation to which 
rubber is prone if coagulated, washed, and milled prior to chemical reactions is 
avoided. When, after suitable stabilization, Hevea latex is converted without 
coagulation to an emulsion of rubber in a medium of 60 to 80 per cent sulfuric 
acid, one obtains smoothly and reproducibly an emulsion of cyclized rubber. 
This process was discovered independently by van Veersen in Holland’ and 
by the writer". Other examples of the emulsion technique are the hydro- 
chlorination” and atomic chlorination" of rubber. For a fuller account of the 
kinetic technique used for the cyclization reaction, the thesis'* on which this 
paper is based may be consulted. 


EXPERIMENTAL TECHNIQUE 


Table I shows the compositions and titration data of two typical latexes 
used. These were compounded from the four ingredients whose water contents 


TABLE I 
CoMPOSITION OF TypIcaAL LATEXES 


Water content of ingredients (%) 
Uncompounded latex 38.33 
Lubrol-W solution 58.4 
Aqueous H,SO, 21.6 
Concentrated H,SO, 0.5 
Weights (grams) for latex used in runs Bl and B2 C3 
Uncompounded latex 39.2346 25.0440 
Lubrol-W solution 2.9158 1.5740 
Aqueous H,SO, 8.2314 5.3922 
Concentrated H,SO, 43.6450 39.3278 
Extra water — 0.23 ml. 
Calculated composition (grams) 
Total compounded latex 94,0268 72.57 
Total H.SO, 49.007 43.38 
Total H,O 19.616 12.09 
Acid on medium (c) 72.68% 78.2% 
Acid on total (%) 
Calculated 53.02 59.8 


Found 53.04 2) 28 duplicates 


Details of check titration Duplicates 
Weight of latex aliquot (grams) 3.9933 3.9026 3.6354 
Normality of NaOH 2.086 2.083 2.083 
cc. of NaOH (uncorrected) 20.81 22.75 21.21 
Back titration equivalent —0.12 —0.04 —0.05 
Temperature correction —0.01 — — 
Buret correction — — — 
Corrected volume of NaOH 20.69 22.71 21.16 


are listed at the head of the table. The stabilizer was Lubrol-W", an ethylene 
oxide condensation product nonionic in water though probably ionized in the 
acid medium used. Samples of each latex (0.7 to 1.0 cc.) were sealed under 5 
inches of mercury of air in Hysil ampoules and heated for measured times, #, in 
a thermostat controlled within 0.04° C. The content of each ampoule was, 
flocculated immediately after ¢ minutes by pouring it into 25 cc. of a mixture of 
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acetone and water (equal volumes), under vigorous mechanical stirring, to 
produce a flocculate of 0.1- to 1.0-mm. particle size. A small amount of floccu- 
late was collected and washed by suction on a microfilterstick carrying a No. 2, 
Whatman filter paper. The purified polymer was then not dried, but a small 
amount was pressed between microscope slides in steam at 100° C for 4 minutes. 
The density of the consolidated transparent central portion of the pressed 
polymer was found by cutting it into small parts, which were wetted with alco- 
hol and transferred into a density gradient tube. The application of the 
gradient tube to measurements on polymers has been described by American 
workers'’®, The method was here improved by adapting simplified Berg im- 


Density 
of Film 
Frag- 


ments 


0.9638 gas 
0.9761 


Fie. 1.—Gradient tube with glass floats. Film fragments are from two successive 
samples of run C2. 


mersion hydrometers or glass floats!’ as reference standards in place of liquids 
or polymers of known density. The density of the glass floats was found es- 
sentially by the method of Berg to 0.0002 gram per cc. 

The principle of the gradient tube is as follows: 

Particles of the polymer to be measured are dropped under gravity into a 
thermostated 100-cc. measuring cylinder, in which a gradient of density is main- 
tained by the interdiffusion of two miscible liquids. The particle comes to rest 
in a plane in which the density of the medium equals its own. A calibration 
curve, approximating a straight line over a large central portion is obtained by 
noting the scale readings for the glass floats. The density of partially cyclized 
rubber lies between 0.9 and 0.991 at 25° C and suitable gradients and were ob- 
tained from aqueous alcohol (density, 0.87) and aqueous lactic acid (density, 
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1.03). It was advisable to add small amounts of pyrogallol to both liquids, as 
otherwise oxidation of rubber or cyclized rubber caused a continuous increase 
in the density to be measured; an increase of 1 per cent per day was not un- 
usual. The simplicity and accuracy of the density measurements are apparent 
from Figure 1. This shows the gradient tube with the glass floats and several 
film fragments from two successive samples taken from run C2. 
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Fie. 2.—Run B1. Fig. 3.—Run B2. 
3 + log(0.991 — D) vs. t¢ hr. 3 + log(0.991 — D) vs. ¢ hr. 


Because of the other sources of inaccuracy in making these kinetic measure- 
ments, it was not worth while to utilize fully the obtainable accuracy ; measure- 
ments within +0.002 gram per cc. were adequate. 

Four factors tending to interfere with the accuracy of measurements were 
studied" and eliminated where necessary by proper choice of conditions: 


1. An oxidative side reaction and the possible effect of the sulfur dioxide 


produced 
2. Gelling of latex during cyclization 
3. Possible effects of the stabilizer 
4. Diffusion of the acid phase into the rubber 
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Fie. 4.—Run B3. Fie. 5.—Run B4. 
3 + log(0.991 — D) vs. ¢ min. 3 + log(0.991 — D) vs. ¢ min. 


That the latter is of no relevance to the measured rates is conclusively shown 
by the high activation energy of 33 kg.-cal. of latex cyclization. Experiments 
showed that when a 0.06-mm. film of rubber was exposed to 77.1 per cent 
sulfuric acid, diffusion of the acid into the rubber was largely rate-controlling. 
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Concentration effects and reaction order —The kinetic runs fall into two series, 
one referring to acid concentration (per cent on medium of sulfuric acid and 
water) lying close to 72.5 and the other close to 78.5 per cent. Corrections 
were made for slight deviations from these two norms. The two series, B and 
C, respectively, conformed satisfactorily with a first-order law, as vouchsafed by 
the linearity of the usual plots. These took the form of 3 + logio (0.991 — D) 
versus time t, where D denoted the density at 25° C of the purified polymer and 








-O8 


HO-4 














10 20 30 80 60 240 =~ 








Fie. 6.—Run B5. Fie. 7.—Run Cl. 
3 + log(0.991 — D) vs. ¢ min. 3 + log(0.991 — D) vs. t hr. 


0.991 its final asymptotic density (Figures 2 to 14). The measured values of 
the latter parameter were between 0.987 and 0.991 for various fully cyclized 
samples, and the highest value found was adopted. The assumption under- 
lying the plots is that the change in density is a linear function of the stoichio- 
metric progress of cyclization. Evidence for this is found in the satisfactory 
extrapolation of the kinetic plots to the initial density of pure rubber. In this 
extrapolation the correct zero time lies about the 4-minute mark because of the 
initial heating-up perod of the ampoules. 
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Fig. 8.—Run C2. Fie. 9.—Run C3. 
3 + log(0.991 — D) vs. ¢ hr. 3 + log(0.991 — D) vs. t min. 


The accepted density'* of rubber (presumably at 20° C) has been close to 
0.9065. The author finds, by the acidification and flocculation technique, that 
the density of rubber in latex is 0.900 + 0.001 at 25° C and 0.9025 + 0.001 at 
20°C. The consolidation of the flocculate was omitted in the uncyclized rubber 
but was used directly in the wet state after washing on the filter stick. (Com- 
pression tended to produce spongy films.) 
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The low average density is probably more accurate for pure latex rubber than 
previously accepted higher values, and this testifies to the efficacy of purification 
when latex is brought to a high acidity, for a time insufficient to cause measur- 
able cyclization, flocculated, washed, and the density of the flocculate found in 
a gradient tube containing pyrogallol as an antioxidant. It may be assumed 
that the acidification solubilizes all the protein from which it is otherwise 
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Fie. 10.—Run C4. Fre. 11.—Run C5, 
3 + log(0.991 — D) vs. ¢ min. 3 + log(0.991 — D) vs. ¢ min. 


notoriously difficult to rid lztex rubber completely. The general adequacy of 
the first-order plots is apparent. Reproducibility varied somewhat from run 
to run: Cl was the least satisfactary and C4 perhaps the best, demonstrating 
first-order kinetics convincingly. All the measured points of run C2 are re- 
corded in Table II as an example. 

The best straight line was always drawn through the points covering the 
first 80 per cent of the reaction, as the last few points beyond that range some- 
times deviated (C6, C8). Such errors might be due to an error in the assumed 
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Fig. 12.—Run Cé. Fie. 13.—Run C7. 
3 + log(0.991 — D) vs. ¢ min. 3 + log(0.991 — D) va. ¢ min. 


final D = 0.991 or to real deviations from first-order kinetics predicted on 
statistical grounds as explained later. The constant, k, was found for each of 
the thirteen runs from the slope of its plot and expressed as k = — 2.303 
d logis (0.991 — D)/dt (Table ITI). 

Arrhenius plots—Before the final Arrhenius plots for the two series could be 
drawn for an evaluation of their activation energies, Z, and frequency factors, 
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X, corrections were required for some small deviations in acid concentration from 
the mean values of 72.6 and 78.5 per cent, respectively, of most of the latexes 
employed. It may be mentioned that not all the runs were based on latexes 
separately compounded, but B1 and B2 were based on one latex, Cl and C2 on 
another, and C4, C5, and C7 on a third. The corrections and all details are 
recorded in Table III. The corrections were obtained from a preliminary Ar- 
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Fic. 14.—Run C8. Fie. 15.—Arrhenius plot: 
3 + log(0.991 — D) vs. ¢ min. 5 + logk os. 108/T. 


© = 72.6% H2S80x (series B) 
O = 78.5% H280, (series C) 


rhenius plot of logiok against 1/7’ (not shown), from which it appeared that for 
a given temperature logiok differed by about 1.0 for the two series differing by 
5.9 per cent acid on medium, independently of the temperature chosen. On 
this datum the constants were corrected for small deviations in acid concentra- 
tion by assuming that log:ok varies linearly with this parameter over the small 
ranges concerned. The final corrected plot (Figure 15) shows good linearity, 


TaBLeE II 
Density aS FuncTION oF TIME FOR Run C2 


3 + logio 
Density (D) Time (¢) (hours) (0.991 — D) 


0.9380 0.83 1.7243 
0.9580 16.70 1.5185 
23.30 1.4346 

42.30 1.2878 

47.80 1.1761 

64.80 1.0607 

111.4 0.9542 

143.0 1.0253 


particularly for series C (78.5 per cent acid) for which more points were meas- 
ured. Its regression line of logiok on 1/T leads, on the basis of the usual cal- 
culation from the slope, to an energy of activation of 32.7 kg.-cal. The fre- 
quency factor, X, found from the intercept, is 10'*-? minutes“. The Arrhenius 
plot shows that the ten-fold decrease in rate in passing to runs B at 72.6 per 
cent acid on medium is due to a decrease in X rather than an increase in £. 
Whether £ is exactly identical for both runs cannot, of course, be settled in the 
absence of absolutely accurate data. The line drawn through the points of 
series B was chosen as the best line parallel to the regression line through series 
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TaBLeE III 


Summary or Kinetic RESULTS 


Rate 5 + logk 
const. (Cor. to Temp. 1/T Abs. 
k X 105 5 + logk 72.6%) (°C) X 108 


6.7 0.826 0.804 40.5 3.188 
67.8 1.831 1.808 59.85 3.003 
624 2.795 2.807 A 2.828 
2560 3.408 3.410 2.753 
4.223 4.170 2.684 
(Cor. to 
78.5%) 
0.562 0.477 
1.620 1.535 
2.671 2.722 
3.164 3.164 
3.921 3.921 
3.749 3.783 
i 4.477 4.477 
78.3 4.693 4.727 


C, assuming £ to be invariant, which gives a good fit. This procedure leads to 
a value of X of 10'*-* minutes for an acid concentration of 72.6 per cent (runs 
B). 

The ranges of concentration and temperature accessible to experiment are 
limited both by inconveniently slow or fast rates and by gelling and oxidative 
side reactions. Since the accuracy of measurements of individual rate con- 
stants was sometimes doubtful to an extent of 20 or 30 per cent of their values, 
reliable values for the Arrhenius parameters could only be arrived at by spread- 
ing the measurements over a wide range of temperatures (60° to 70° C). 
Owing to the high temperature coefficient—about 3.8 for a 10° interval—of the 
cyclization reaction, the measured velocities thus ranged over a factor of 104. 

Pilot experiments have shown the approximately linear variation of logk 
with acid concentration to which reference was made above. The theoretical 
sanction for this fact is found in the work of Hammett and others discussed 
later. On the assumption of this linear relationship, the data of the two series, 
B and C, can be combined in a single general rate equation covering variations 
of the unimolecular rate constant of cyclization of rubber latex as a function 
of temperature and sulfuric acid concentration, c, over the ranges suitable for 
technological exploitation : 


logiok = 6 + 0.17¢ — 7105/T (1) 


k is given in minutes“ and 7 (as throughout) as the absolute temperature. 


REACTION MECHANISM OF CYCLIZATION 


Statistical theory of cyclization —If the cyclization of rubber depends on the 
codperation of couples of adjacent isoprene units, some units will become 
“widowed”’—that is, they will be excluded from cyclization by virtue of the 
fact that their two potential partners (neighbors) have already reacted, each 
with its other partner. Flory’® has calculated on statistical ground that in an 
irreversible reaction of this type, the final composition of the polymer will 
correspond to the presence of 100/e? = 13.53 per cent of widows. Cyclization 
will fall short of stoichiometric completion by this percentage and the final 
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unsaturation will be: 


[o.s(1 - ) + | X 100 = 56.8% 

€ € 
of the original, instead of 50 per cent as at stoichiometric completion. This 
result is in striking agreement with unsaturation measurements by Fisher and 
McColm on rubber cyclized in bulk, under conditions similar to the present 
latex technique, which gave 57 per cent unsaturation® by three different meth- 
ods. The structure of cyclized rubber must, accordingly, be a ‘‘copolymer”’ 
of isoprene units (J) and a ring (2) consisting of two isoprene units. The cal- 
culated ratio of these units is almost exactly one J to three R in the statistical 
cyclized rubber. An approximate calculation" reveals that over 50 per cent 
of the cyclized polymer should be present as the unit (RJR), and this shows the 
usual representation of cyclized rubbers as (R), to be inadequate. 

A kinetic theory of the statistical effect has been proposed", and has led to 
the following integrated equation giving time ¢ as a function of r, the stoichio- 
metric degree of conversion (weight fraction of the rings formed): 


t = — k{0.3569 log(0.8647 — r)/(1.187 — r) 
+ 0.5905 log[ (1.0257 — r)? — 0.259] + 0.4846} (2) 


Within the accuracy and reproducibility of the density technique here de- 
scribed this equation approximates the first-order law implicit in the treatment 
described. A more sensitive dilatometric technique, however, is leading at 
present to an accurate confirmation of Equation 2 as will be reported**. It 
also appears likely from this further work that unsaturation changes may occur 
after the monocyclic structure is completely formed. 

Rate and acidity function—The reported kinetic mesurements permit 
mechanistic deductions from which important conclusions may be made con- 
cerning the structure of cyclized rubber. For instance, a chain mechanism of 
cyclization is rendered improbable, but a proton transfer mechanism is estab- 
lished through a correlation of the rates with Hammett’s acidity function 
Hy. The background to this function and to the wide range of olefin reactions 
pictured to proceed by carbonium ion mechanisms has been admirably ex- 
pounded”. Hammett defined an acidity function thus: 


Ho = pKa + log(Ca/Cex*) (3) 
where pKa is the acidity constant 
pKa = — log(ayaz/azn*) (4) 


of an uncharged Brgnsted base, B; a is an activity and C a concentration. 
Though originally defined in terms of indicator equilibria, the function is also 
known to represent the variation with concentration of rate constants of con- 
versions of a base substrate to its conjugate carbonium, so that 


—dlogk _ ; 
THe = 1 (5) 


Such correlation with rate measurements has so far been confined to the 
very dilute and very concentrated acid ranges. The present work narrows the 
kinetic no man’s land by covering the range between 70 and 80 per cent sulfuric 
acid for the cyclization reaction of rubber. The existence of a single continu- 
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ous function, Ho, linking the regions of aqueous and autoproteolytic ionization, 
would seem to indicate a fluid linkage pattern in the solvent sulfuric acid, 
causing rates and equilibria to depend less on the concentration of definite ionic 
species than on the basic affinity of the solution asa whole. From the measure- 
ments of cyclization velocity at 72.6 and 78.5 per cent, respectively, for latex 
cyclization : 

—A logk 

AH 


Comparing this with the semitheoretical Equation 5, the deviation is not 
considered serious in view of the experiences of other authors®. The approxi- 
mately linear variation of H» with c over this range, moreover, accounts for the 
linearity already mentioned of logk with c. It may thus be said that the corre- 
lation of velocity of rubber cyclization with Ho—reflecting an enormous sensi- 
tivity to acid concentration hardly explicable in other terms—is sufficiently 
close to give strong support to the notion that the reaction proceeds by the 
protonation of the double bonds in rubber. The presence of a large amount of 
aprotic diluent in the reaction phase, as here the rubber hydrocarbon itself, 
would not be expected to result in any large solvent effect». Moreover, as 
found for rubber cyclization, variations of rate with Ho usually largely reflect 
changes in X rather than H—for example, in anionotropic rearrangements”, 
in acetylation of quinones®, and nitration of nitrocompounds*. 


= 1,25 (estimated error = +0.1) (6) 


RUBBER CYCLIZATION AS CARBONIUM ION 
TRANSFER REACTION 


According to the carbonium ion theory”, rubber, like other terpenes, may be 
transformed into structure V as follows: 


CH:—CH: CH; CH:—CH:, CH; 
fe “or : Ps 
» 4 Ps Protonation pee 2 ae 
x ferred 
R,—CH:.—C ch_cu_R, a ca ih ch—cu 2—Re 


| 
CH; CH; 
II III 


Transfer 


CH.—CH, CH; CH:—CH:. CH 
ae rg Z fs 
CH, C Deprotonation me +C 
ee 


vi" YZ i fo 
R,—CH.—C———-CH—CH:—R:; pein oy gir eS concn tes 


| 
CH; : CH; 
Vv IV 


The more general field of olefin reactions based on proton transfer steps 
displays a bewildering typological and topological variety. It has been dis- 
cussed elsewhere, and a generalized reaction scheme has been presented". 
The protonation step is almost universally and carbonium ion transfer always 
found to occur in the Markownikoff (M) sense, which is energetically highly 
favored over the Anti-Markownikoff (A) sense®’. In sulfuric acid of less than 
80 per cent strength, carbonium ion transfers (involving a second double bond) 
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are generally favored over attack by carbonium ions on unsaturated centers. 
In the proton-catalyzed cyclizations o. terpenes, six-membered rings are favored 
whenever other mechanistic requirements are equal. Their final deprotonation 
step can usually occur at three different centers of structure IV (four-carbon 
prototropy) under varying conditions or simultaneously, to give a-, B-, or 
y-cycloterpene structures (Table IV, structures XII to XIV). This variety 
has been fruitful of controversy. There can be little doubt that the essentially 
first-order kinetics of cyclization reflect the participation of the rubber molecule 
in the rate-controlling step. Two well known cases arise* according to whether 
the proton return to the medium in the last step is or is not relevant to the ob- 
served first-order kinetics of the over-all reaction. The question can be settled 
in the present instance both by reference to the abnormally high entropy of 
activation and to the approximately estimated rates of related cyclizations. 
The following scheme covers both cases as degeneracies of a single equation 
derived in the usual manner by the method of stationary: states: 


ky k3 
B+ H+= (CBH)+— CB + H+ (7) 
ke 
B represents the rubber acting as a base, and CB the cyclized product of the 
reaction. (CBH)* denotes the cyclized ion, IV, produced by carbonium trans- 
fer; this last step is included in the protonation itself for convenience. The 
common rate equation is: 


d(CB) 2 ke + ks 
dts 


The first case, exclusive rate control by protonation, arises if k; >> ke, so that 


d(CB) 
dt 


The second case, mixed control by a mobile protonation pre-equilibrium and 
the rate of deprotonation, arises if k; < ke, so that 
oS = Kk;(B)(H*) (10) 
dt 
where K = k,/ke is the equilibrium constant of protonation. The measured 
activation energy and entropy would be split into the sum of the energy and 
entropy of protonation and the energy and entropy of activation of the depro- 
tonation, respectively. 

The fictitious constant concentration (H*+) may be regarded as absorbed in 
the rate constant in either case. Also k; contains as a factor the concentration 
of the (solvated) base HSO,- which removes the proton. Variations in the 
concentration of this base are probably quite small as shown, for instance, by 
Raman spectral intensity’*. Evidence in favor of the second mechanism 
(Equation 10) is found in the high activation entropy and in qualitative cor- 
relation between the rates of various terpene cyclizations. Detailed discussion" 
shows that an activation entropy of about +25 cal. per ° C, which corresponds 
to the measured frequency factors reported here, cannot be explained by dis- 
order in the transition state involving merely rotational modes of the rubber 
substrate (when the double bonds are opened during protonation). This con- 
clusion is borne out by an estimate of such an entropy contribution based on a 





(B)(H*) (8) 


= k,(B)(H*) (9) 
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simple network theory. The positive activation entropy must be assigned to 
a charge-neutralizing reaction step**. It seems most likely that this step is the 
deprotonation reaction in which a positively charged cyclostructure (structure 
IV) collides with HSO,~. That the rate-determining step is deprotonation is 
strongly indicated by variations in cyclization rate of acyclic terpenes as a 
function of R» in structure IV (when R; = hydrogen). 

Accurate kinetic measurements on terpene cyclizations are urgently needed. 
The activation energy of 32.7 kg.-cal. for rubber cyclization should be a valu- 
able datum for comparison with those for other terpene cyclizations as they 
become available. A decrease of 13.5 kg.-cal. may be calculated in a number of 
cases for the proton affinity of a C=C, if a substituent methyl group is replaced 
by hydrogen?’. This should raise correspondingly the activation energy of 
cyclization and accounts for the great difficulty* of cyclizing butadiene poly- 
mers. 

The basic strength, or proton affinity, pKa of rubber, an important physico- 
chemical constant, can be derived from a knowledge of the percentage protona- 
tion at a known Ho (Equation 3). A rough guess at the percentage protonation 
of rubber may be based on a comparison with isobutene, which is likely to ap- 
proach 100 per cent protonation® in 96 per cent sulfuric acid (H» = —9.1). 
If rubber is there protonated to between 10 and 90 per cent, its pKa would be 
between —8.1 and —10.1. Under the cyclization conditions of this work the 
protonation in the mobile equilibrium would affect 0.01 to 1 per cent of the 
double bonds. Support for the carbonium ion theory of rubber cyclization is 
in fact obtained by comparison of the chemistry of acidified rubber with iso- 
butene whose conversion to carbonium ion has been spectroscopically proved*. 
For instance, isobutene alkylates phenols in presence of strong sulfuric acid. 


No explanation seems to have been given to the well known acid ‘‘condensation”’ 
of rubber with phenols—for example, 8-naphthol*. Doubtless, the alkylation 
reaction proceeds through the rubber carbonium ion, leading to the structure: 


cm 
Ri—C—CH:—Rz 


CH 

HOC” \% Nox 

HG C CH 
Nou” cx 


VI 


CYCLIZED RUBBER STRUCTURE IN LIGHT OF 
CYCLIZATION MECHANISM 


The structure suggested by previous investigators is illustrated and may be 
classified as follows: 


Intermolecular cyclization 
® Mutual saturation of double bonds 
P” Attack on saturated centers 
Intermolecular cyclizations 
Monocyelic structures 
Polycyclic structures 
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TaBLe IV 
PossiBsLE Stx-MeEMBERED Rina Srructures ror CyrciizEp- RUBBER 


Substitu- 
Proton- tion 

: ation — of 
Structure* sense Group attacked =C 


B-Methylene 


C 
IX. Powers (11) 
C—C 


c=C— 
‘i P i I Methy] 
—C—C—C 


X. Staudinger (33) 


Pt 
Cc No_c —_ 
Methyl 


i 
—C—C—C—C 
| 


i 
1 


XI. Staudinger (33) 


a-Methylene or 
x electrons 


C 
XII. Unclaimed 


C—C 
J ay 
C C—C 
s WA I electrons 
chi Siac 


‘ 


XIII. D’Ianni (11) 
C—C 
A 
C C=C 
x electrons 


\ / 
—C—C—C—c— 


C 
XIV. Unclaimed 


* Structures requiring double bond shifts by prototropic steps independent of cyclization proper are not 
shown in the table. 
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Intermolecular rings should result in a cross-linked highly insoluble type 
product. Staudinger and Widmer* and Fisher and McColm!® found, however, 
that bulk or solution cyclized rubber prepared by various methods dissolves 
in numerous solvents, so the notion of a highly cross-linked structure must be ~ 
abandoned. With Friedel-Crafts catalysts, insoluble products are obtainable, 
but probably are due to side reactions, since soluble products result when anti- 
oxidants are added to the reaction mixture’. 

The ready solubility of latex cyclized rubber previously observed has now 
been found to be due to some oxidative breakdown attending dissolution. 
However, latex cyclized rubber is no less soluble than the starting latex rubber; 
the gel fraction is always highly swelled. Cyclization therefore, cannot be a 
cross-linking reaction. For acid catalyzed cyclization, a monocyclic product 
is indicated by the following new evidence arrived at in this work. 


1. The reaction order close to unity is best in accord with a simple repetitive 
sequence of elementary steps. 

2. The excellent agreement of Fisher and McColm’s unsaturation measure- 
ments on acid-cyclized rubber with Flory’s statistical theory. 

3. The qualitative correlation of the reaction rates of cyclization of rubber 
and various monoterpenes can also be taken as supporting a monocyclic struct- 
ure for cyclized rubber. 


The structure of rubber, as that of other terpenes, favors formation of six- 
membered rings. Five-membered rings could result only from A sense protona- 
tion or (a reaction never yet observed) A sense carbonium ion transfer. Seven- 
membered rings could result only from attack on saturated centers. These 
mechanistic considerations, as well as the activation of double bonds by methyl 
substitution mentioned above, lend new mechanistic interest to the wide oc- 
currence of isoprene as a building brick for natural products, a fact whose 
structural significance was early recognized by Ruzicka. 

The six possible six-membered rings, together with relevant information, are 
shown in Table IV. Of these IX, proposed by Powers and quoted by D’Ianni 
and co-workers’, is mechanistically least likely because it not only demands 
attack (during carbonium transfer) on the relatively stable 6-methylenes, but 
it is also the only structure of the six to require A sense protonation. The two 
structures, X and XI, of Staudinger and Widmer* require attack on the methyl 
group, which is the most stable and resists all electrophilic reagents, for ex- 
ample, chlorine, that do not destroy the rubber skeleton. The structures were 
put forward more particularly to account for the cyclized rubber resulting from 
the dehydrohalogenation of rubber hydrohalides. They were explicitly sup- 
ported* by supposedly analogous changes such as the dehydrobromination of 
2,6-dibromo-2,6-dimethyl-n-heptane (structure VII). 


CH; CH; Br CH CH; 
ba Fd 


ee 
Cc 


rah PY aka. Kn 
CH, CH; —2HBr CH, CH; (built-in methyl) 


| —_—_ 
He C—CH; He —CH,; (intact methy)) 
Te 


*, 
CH: Br CH 


VII 


One of the two equivalent methyl groups at the end of the molecule thus 
becomes built into the ring and the other remains intact. When passing to 
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rubber, one of these two methyl groups will be substituted with the rubber 
chain; the crucial question is: Which one? Staudinger implicitly assumes it 
must be the intact one, but since the alkyl substitution weakens the C—H 
’ bonds, it is the substituted methyl which is more likely to become incorporated 
in the ring. This leads to structure XII (Table IV) as the correct analog, or, if 
the alternative deprotonation steps are taken into account, possibly structures 
XIII and XIV also. The last three structures (XII to XIV) are, in fact, 
analogous to the alpha, beta, and gamma structures, respectively, of the simple 
cycloterpenes. They alone can result from M sense protonation and carbonium 
ion transfer according to the kinetic scheme proposed. Of the three, the un- 
claimed structure, XII, though consistent with known mechanistic require- 
ments, is probably not in accord with infrared spectral analysis. The structures 
XII to XIV differ in the alkyl substitution degree of their double bonds, being 
disubstituted in XIV, trisubstituted in XII, and tetrasubstituted in XIIJI— 
the D’Ianni structure. D’Ianni and coworkers* supported this structure by 
the fact that infrared absorption due to the trisubstituted ethylenes in, rubber 
disappears during cyclization. 

A suggested intramolecularly polycyclic structure may now be discussed. 
Staudinger and Geiger‘ supposed that products obtained by the action of heat 
on rubber and by the dehydrohalogenation of rubber halides with zine and 
hydrochloric acid are represented by the structure: 


CH: CH: CH; 


si | oe eae 
Cc 


en 
—CH:—CH:—CH.—C—CH:—CH:—-CH:—C— 5—CH,—CH,— 


VIII 


This is derived from X and XI (Table IV), and similar objections may be 
raised against it. The original evidence, based on low unsaturation values 
found by a bromine titration with an uncertain end point, may be discounted on 
the strength of Fisher and McColm’s experience*. The measurements of 
specific refraction, which were also quoted in support of the polycyclic spiro 
structure by Staudinger and Geiger, seem definitely too low for a monocyclic 
formulation. However, the specific refraction of rubber and cyclized rubber 
needs further investigation; pending this, not too much reliance should be 
placed on structural conclusions based on present values. The measured 
refractive index and particularly the density of rubber have been yielding con- 
tinuously lower figures as purer specimens were prepared. Recent values, 
shown in Table V, give poor agreement with the refractivity calculated from the 
theoretical atomic values of Vogel*®. 


TABLE V 


PuHysicaAL PROPERTIES OF RUBBER AND Various CycLizED RUBBERS 


Sintering Specific 

temp. veleastion 
(°C) Refractive oC 

Polymer Density index Found Caled. 


Rubber «Ko ne (20° C) se C) 0.336 = 0.331 


Cyclized rubber from 
Acids on rubber? 100-105 0. —- 1.016 — anes a 
+ my on a polyisoprene® ? 1.535 
Zn + HCl on rubber halides* 110-130 r 1.5387 (17° C) 
Heat on rubber‘ oe 0.99 _ 
H:S0, on latex (this work) 95-110 0902 (20° C) 1.5316 (20° C) 
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The refractive index of latex cyclized rubber shown in the table was found 
by first redispersing the wet flocculate with the aid of 0.25 per cent of sodium 
hydroxide (calculated on the polymer) and pebble-milling for 48 hours. A drop 
of the resulting dispersion, when deposited on the prism of an Abbé refractom- 
eter and spread out, left a uniform thin powdery deposit on drying. This 
was instantaneously fluxed to a transparent film by pouring over it carbon di- 
sulfide vapor from a bottle. After 3 days, it was assumed that the small 
amount of carbon disulfide had evaporated from the film, and the reading was 
taken as in the normal procedure used with aliquid. A sharp-edged shadow was 
obtained and the refractive index could be read to 0.0004 by several observers. 
The possibility of some solvent retention or oxidation of the film, however, 
cannot be excluded entirely by this method. The calculated specific refraction 
for cyclized rubber as shown is based on the statistical monocyclic product of 
57 per cent unsaturation. In addition to the somewhat doubtful values of 
refractive indexes, Staudinger’s supposed polycyclo products agree rather well 
in sintering temperature with both Fisher’s and the writer’s values for mono- 
cyclic polymer. This temperature, though naturally not sharply measurable, 
is remarkably sensitive to the degree of cyclization of latex cyclized rubber, so 
Staudinger’s polymers are not likely to differ very greatly in cyclization degree 
from those of the other workers. Finally, the densities of Staudinger’s sup- 
posed mono- and polycyclic rubbers were exactly identical with each other and 
with the writer’s latex cyclized rubber and very nearly with Fisher’s average 
figure. It is, therefore, proposed that cyclized rubber prepared by these vari- 
ous authors is a well defined monocyclic product. 

Concerning the thermal cyclization of rubber, it may be speculated that 


this is an ionic reaction promoted by relatively weak acids derived from protein 
and other contaminants. The reaction proceeds‘ in a few hours at 300° to 
320° C. It can be calculated, on the assumption of a constant activation 
energy of 33 kg.-cal. by a wide extrapolation, that an acidity of Hy) = pH = +1 
is approximately sufficient to account for such rates. 


SUMMARY 


Kinetic measurements on rubber cyclization now are possible by a latex 
technique; these were undertaken to elucidate the mechanism of the reaction. 
According to a patented process, dispersions of Hevea latex particles in 70 to 
80 per cent sulfuric acid are reproducibly isomerized to a high molecular weight 
cyclized rubber. A diffusion gradient technique was adopted for measuring 
the density of the polymer after exposing it to cyclization for varying times. 
Unimolecular constants, k, spreading over four decades, were obtained and 
found enormously sensitive to the percentage, c, of sulfuric acid and absolute 
temperature, 7’; thus logik = 6 + 0.17¢c — 7105/T. The constants, k, cor- 
relate satisfactorily with Hammett’s acidity function, Ho. A statistical theory 
by Flory shows that 13.5 per cent of the isoprene units originally present in 
rubber are left uncyclized by the reaction. This is in striking agreement with 
unsaturation measurements made by Fisher in 1927. 

The kinetic parameters deduced support a nonchain proton transfer mech- 
anism, deprotonation being rate-determining. The proton affinity of rubber is 
estimated, and a comparison of the cyclization of rubber and other terpenes is 
presented. The structure proposed for cyclized rubber rings by D’Ianni and 
co-workers is supported by mechanistic analysis and physical properties. 
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The method of kinetic measurements on stable emulsions in sulfuric acid is 
of general promise, and the cyclization of rubber polymer presents a useful 
model reaction for the smaller terpenes. 
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THE STRUCTURE OF CYCLIZED RUBBER * 


G. J. VAN VEERSEN 


RvuBBER-STICHTING, DeLFr, NETHERLANDS 


INTRODUCTION 


It is well known among rubber chemists that the preparation of rubber deriv- 
atives is often disturbed by a side reaction which leads to the formation of a 
hard and brittle resin of the same empirical composition as rubber'. This 
modification of rubber is assumed to be due to isomerization, which takes place 
especially under the influence of electrophilic agents? or heat’, with the forma- 
tion of internal rings, the process being accompanied by a loss of double bonds. 
This phenomenon is termed cyclization, and the products are referred to as 
cyclized or cyclorubbers'. 

In this paper a structural formula for cyclized rubber is proposed. In addi- 
tion it is shown that the use of a more reliable method for the determination of 
the unsaturation of cyclized rubber is very helpful in the elucidation of its 


structure. 
HISTORICAL 


Harries‘ was the first author to describe the preparation of cyclized rubber, 
with sulfuric acid as a cyclizing agent. Other investigators, including Kirch- 
hof®, Staudinger!, Fisher®, studied the same reaction. Whereas the latter 
author introduced p-toluenesulfonic acid as a cyclizing agent, metal halides 
like SnCl,, TiCl, and FeCls, and in general Friedel and Crafts catalysts, were 
used by Bruson, Sebrell, and Calvert’. 

Since 1930 a great many patents have been disclosed concerning the prepa- 
ration of cyclized rubber, the common feature in practically all these methods 
being the use of acceptor molecules*. As the starting material, rubber in solid 
form or in solution is used. Recently the author discovered a new method for 
the manufacture of cyclized rubber, starting from natural rubber latex*. 

Cyclized rubber can also be made from rubber hydrochloride. Staudinger 
and his coworkers® were able to show that cyclized rubber is formed by the 
interaction of rubber hydrochloride and zine chloride in toluene by prolonged 
heating. Also rubber hydrobromide and hydroiodide can be used as starting 
materials. 

We shall now turn to the different formulas attributed to cyclized rubber by 
those authors who have concerned themselves with this polymer. 


STRUCTURAL FORMULAS OF CYCLIZED RUBBER 


So far the following formulas for cyclized rubber have been proposed (see 
Table I)?°. 

The argument for such formulations in most cases is the fact that the deter- 
mination of the unsaturation by means of iodine chloride shows a decrease in 
unsaturation in cyclized rubber compared with the starting material, rubber. 


* Reprinted from the Recueil des Travaux Chimiques des Pays-Bas, Vol. 69, No. 11, pages 1365-138,1 
November 1950. This paper is Communication No. 122 of the Rubber-Stichting, Delft, Netherlands. 
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TABLE | 


This method however is very unreliable", particularly in the case of cyclized 
rubber. 

Formula IV corresponds to the structure which Tiemann” ascribed to the 
product obtained from the cyclization of geraniolene to cyclogeraniolene, with 
sulfuric acid as a catalyst. A similar formulation has been given by Bloom- 
field'* to the product which is formed by the cyclization of dihydromyrcene 
with sulfuric acid-acetic acid. This author assumes that the reaction proceeds 
through a Whitmore mechanism", involving positive carbonium ions. 

Before giving our formulation of cyclized rubber and our method for the 
determination of the unsaturation, we shall discuss briefly the mechanism of 
cyclization. 














STRUCTURE OF CYCLIZED RUBBER 


THE MECHANISM OF CYCLIZATION AND THE 
STRUCTURE OF CYCLIZED RUBBER 


The acceptance of a Whitmore mechanism for the cyclization of geraniolene 
and dihydromyrcene means that cyclization of natural rubber is distinguished 
from true olefinic polymerization only by its purely intramolecular character". 
We need not however, confine ourselves to reactions between olefins and sul- 
furic acid. Electronic theory enables us to describe the reaction between 
pronounced acceptor molecules on the one hand and rubber and rubber hy- 
drochloride on the other hand from the same point of view. This may be 
illustrated by the following reaction schemes (Table IT)'*. 


TABLE 2 
a 1: 
H > H 
H,C—C—C—CH, + #,0=*H,C-—C—C~—CH, + H,0 
CH, CH, 
| H , 
H,C—C—C—CH, + AICI,<2H,C— C—C—CH, 
Cl-Al-cl 
a 
Ch, os CH, 
roe —E— 0h + SOME —G— CH, HCE Cy 
cl 


CH, CH, H, 
HyC—G—Cly +Al Cl, W)C —F— Chat —G —CH, 


cl Ct 
C-Al-Cl 


a 


f* 
H,C—C=Ch, 


All these reactions are assumed to proceed through carbonium ion struc- 
tures. If we return now to rubber and rubber hydrochloride and apply the 
same concepts as described above, then we may assume that in the first step 
(initiation), in the reaction of acceptor molecules with rubber and rubber hydro- 
chloride, respectively, the same reaction intermediate occurs, namely: 


in which R is H or AICl;, BFs. 

By analogy with what we know at present about ionic polymerization!’, we 
may assume that in the second stage of the reaction (propagation), the carbon- 
ium ion now formed acts as an acceptor, which reacts with the next double bond 
(Figure 1). Since the double bonds in rubber occur in 1,5-positions, it is rea- 
sonable to assume that adjacent double bonds react with each other. In this 
way, six-membered rings are formed, which are sterically most favorable. This 
is probably the main reason why cyclization is an intramolecular process, for 
which experimental evidence is given by the fact that no gelation takes place 
during the cyclization of rubber in solution. Apparently, the possibility of a 
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Ha 
CH, 


polarized double bond in one rubber molecule reacting with a double bond in 
another molecule of rubber is very small!*. 

In the case of rubber hydrochloride, one has to bear in mind that, in the 
first step of this reaction, the tertiary C—Cl bond is loosened by complex forma- 
tion, forming a carbonium ion structure which is the same intermediate as 
assumed in the reaction between alkyl olefins and acids. In the case of rubber, 
we have assumed that a tertiary carbonium ion reacts with the neighboring 
double bond. Since double bonds may be easily formed from tertiary halides 
through carbonium ions, these double bonds have to be considered here as 
intermediates, which is in agreement with the modern concept concerning Frie- 
del and Crafts reactions. 

To make clear the formation of cyclized rubber, we can formulate the inter- 
mediate in another way (see Figure 1). We assume that, from this intermedi- 
ate, condensed polycycloheyxl groups are formed, which are probably the 
structural units in cyclized rubber. 

Thus far we have considered the initiation and propagation of the ionic 
polymerization of rubber and rubber hydrochloride. As far as the termination 
reaction is concerned, the following may be said. If after the formation of, let 
us say, four cyclohexyl rings (Figure 1) the catalyst is removed, e.g., by chain- 
transfer, then we observe that some irregularity occurs at the beginning and the 
end of the condensed polycyclohexyl group. At the left hand end we find an 
electron surplus, whereas at the right hand end an electron deficient carbon 
atom appears. In answering the question how such a structure may be stabil- 
ized, we refer to the termination reaction in the polymerization of isobutene 
with BF; as a catalyst!’. In our particular case we assume that a double bond 
is formed somewhere in the polycyclohexyl group, for which evidence will be 
given. At this moment we cannot say anything about the location of the 
double bond in the polycyclohexyl groups. The results of further work on 
model substances must be awaited. 

In summarizing, in our opinion cyclized rubber consists of condensed poly- 
cyclohexyl] groups connected by shorter or longer polyisoprene chains. 

From our mode of formulation it follows that at least two types of double 
bonds must occur in cyclized rubber: 


(1) the polyisoprenic type of double bonds in the polyisoprene chains; (2) 
the double bonds in the condensed polycyclohexyl groups. 


We will point to the fact that, in terpene chemistry, many compounds have 
analogous structures to those we ascribe to the polycyclohexyl groups in cy- 
clized rubber. According to the iosprene rule of Ruzicka, terpenes, carotinoids 
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and probably sterols, hormones, bile acids, digitonides, and vitamins may be 
assumed to be built up from isoprene. Most of these compounds consist of six- 
membered rings or rings connected by short chains of polyisoprene or polyene 
and, in exceptional cases, of short chain molecules (squalene). As an example 
of a naturally occurring cyclized polyisoprene we mention here a-amyrin, the 
most probable structure of which is given here!’. 


vie aw 
ge he “we 


sa 


The similarity in carbon skeleton to that of cyclized rubber is very clear. 

Another illustration of how our formulation of cyclized rubber fits well into 
the features of terpene chemistry is the cyclization of squalene”. 

Mention may be made also of the theory proposed by Tobolsky” and co- 
workers, in which the formation of cyclic terpenes and related compounds is 
assumed to proceed by an oxidative degradation of trans-polyisoprene. 

We wish to emphasize that our formulation of the cyclization of rubber is a 
simplification of what will happen in reality. It is well known that olefins 
undergo isomerization and degradation under the influence of Friedel and 
Crafts catalysts. That in our case isomerization takes place during cyclization 
of rubber has been shown by means of infrared analysis of cyclized rubber, 
which gave evidence for the existence of CCH, groups”. The occurrence of 
such types of double bonds may probably be explained by a stabilization of the 
carbonium ion structure: 

H, Hy eee wee 
—C—-+.-0— + 0-0 -—-C— + H* 


+ 


DETERMINATION OF UNSATURATION IN CYCLIZED RUBBER 


To give experimental evidence for our hypothesis concerning the structure 
of cyclized rubber, it was of prime necessity to determine the unsaturation. 
Detection of the two types of double bonds following logically from the derived 
structure of cyclized rubber was especially desired. Though bromine and 
iodine chloride are suitable reagents for the determination of the amount of 
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double bonds in rubber, these are absolutely useless in the case of cyclized 
rubber. Besides addition, considerable substitution takes place*. This phe- 
nomenon can readily be explained from our formula of cyclized rubber. It is 
known that tertiary hydrogen atoms are very easily substituted by halogens. 
The occurrence of tertiary hydrogen atoms in the structure of cyclized rubber 
proposed in this paper may be considered in connection with the high degree of 
substitution by halogens as an argument in favor of our formulation. 

Other means of determining the unsaturation in cyclized rubber are found in 
the literature“. As far as hydrochlorination is concerned, little use has been 
made of hydrogen halide as an analytical tool. To mention a few examples. 
Nicolet and Poulter® applied the quantitative addition of HCl to the epoxides 
as a control on the purity of these compounds. Hydrogen bromide has been 
used for the elucidation of the structure of phenolformaldehyde resins*. The 
addition of HCl has been applied sometimes for the detection of double bonds 
in terpenes”. Though the double bond in rubber is very reactive towards 
hydrogen chloride, as far as we know no use has been made of this reaction to 
determine the unsaturation of rubber. We found, however, in the hydro- 
chlorination of cyclized rubber a valuable and helpful means for the analysis of 
its structure. 


METHODS 


In describing our method of determining the unsaturation of cyclized rubber 
by means of hydrogen chloride, it must be stated first of all, that the method is 
time consuming and rather expensive in comparison with ordinary titration 
methods. Secondly, attention has to be paid to the fact that the use of HCl as 
an analytical tool with respect to unsaturation is still in its infancy. Since 
hydrochlorination of olefins is known to be a higher order reaction™ and differ- 
ent types of olefins react quite differently with HCl, the method must be care- 
fully applied. In our laboratory, experiments are underway to determine the 
reactivity of a series of olefins towards hydrogen chloride under different condi- 
tions. On the other hand, there are several facts in favor of the use of HCl. 
Thus far, hydrochlorination of rubber has led to products which contain 95 per 
cent of the theoretical value (33.9 per cent Cl) of the chlorine content, which 
was explained by some authors?® by assuming that during hydrochlorination 
cyclization partly took place. The hydrochlorination of rubber in latex*®, 
however, has proved that 98 to 99 per cent of the theoretical chlorine content 
can be reached. From this the conclusion may be drawn that hydrochlorina- 
tion of rubber in latex and probably in solution under normal conditions can be 
carried out without being disturbed by cyclization. Another advantage of the 
method is that insoluble polymers can be analyzed. Addition of hydrogen 
chloride to suitable solvents increases the swelling of rubber or cyclized rubber, 
which means that diffusion of hydrogen chloride throughout the polymer is 
guaranteed. Since substitution does not occur, hydrochlorination may be 
judged as a suitable, albeit a laborious method for the determination of the un- 
saturation in cyclized rubber. 

For the detection of the two types of double bonds in cyclized rubber, the 
following two methods have been used. 


(1) Hydrochlorination under normal conditions.—Half a gram of the polymer 
(rubber, cyclized rubber) is dissolved or swollen in 10 cc. of toluene. Instead of 
leading in HCI gas, which is inconvenient in the case of routine determinations, 
50 cc. of a mixture of toluene and dioxane (2:1 vol.) saturated with HCl at 
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— 50° C are added to the swollen polymer. After standing 24 hours at room 
temperature, the hydrochlorinated product is precipitated with alcohol and, 
after drying (in vacuo at 50° C), the chlorine content is determined by the 
Carius method. 

(2) Hydrochlorination under pressure —Hydrochlorination under pressure is 
carried out in the same way except that the reaction takes place in a sealed tube. 
The only difference from the method described under (1) is that a very high 
concentration of hydrogen chloride is present in the reaction mixture. The 
temperature in both cases is 20° C. 


If the unsaturation of natural rubber is taken as 100, the unsaturation of 
cyclized rubber can be calculated from the formula: 


_ 186.5 X 
thnk Qi ee 


in which X is the chlorine content of the hydrochlorinated cyclized rubber. 
Since the hydrochlorination of rubber carried out in the way described affords 
products with a chlorine content of 31% + 0.5 per cent (Uns. = 87) the un- 
saturation calculated from the theoretically correct formula will be a little too 
low. This disadvantage will have to be accepted against the straight-forward- 
ness of the hydrochlorination reaction. 

As a criterion for the complete hydrochlorination of the polyisoprenic 
double bonds in cyclized rubber, we used the fact that no increase in chlorine 
content was observed on prolonging the time of hydrochlorination (Method A). 
Since hydrochlorinated cyclized rubber (Method A), dissolved in chloroform, 
shows an intense yellow color with tetranitromethane (rubber hydrochloride 
containing 31 per cent Cl gives only a faint yellow color), information was gained 
that another type of double bond which is not hydrochlorinated under normal 
conditions (Method A) occurs in cyclized rubber. To detect this type of 
double bond more conclusively, drastic conditions of hydrochlorination (Method 
B) have to be applied. That this may be helpful in some cases has been shown 
by Salomon and Koningsberger®. Under normal conditions practically no 
hydrochlorination of the styrene-butadiene copolymer, GR-S, takes place. If 
pressure is applied during hydrochlorination, the internal double bonds in 
GR-S react readily with hydrogen chloride. 

Before giving the results, it must be pointed out that the application of 
pressure might be dangerous since undesirable side reactions might take place. 
To control this the following experiments have been carried out. Rubber, rub- 
ber hydrochloride and cyclized rubber were treated with hydrogen chloride 
(Method B) at 100°C. By carrying out these experiments in a series of sealed 
tubes, the chlorine content could be determined at different times. The results 
are shown in Table III and graphically presented in Figure 3. 


TaBLe III 
TREATMENT OF RUBBER, RUBBER HYDROCHLORIDE AND CYCLIZED RUBBER 
with HypRoGEN CHLorIpE (MeEtHop B) at 100° C 
; Cyclized rubber 
Rubber unsat.: 43 
Rubber hydrochloride (Method B) 
% C1 Unsat. % Cl Unsat. “CI Unsat. 
28.2 77 29.7 82 15.0 34 
12.3 27 12.8 28 9.8 21 


10.3 22 12.0 26 9.0 19 
9.0 19 7.3 


Uns 
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The results show that, under the conditions used, rubber and cyclized rub- 
ber are hydrochlorinated rapidly and that on prolonged time of reaction the 
chlorine content and the unsaturation calculated from the chlorine contents 
decrease, which means that cyclization has taken place. 

Rubber hydrochloride shows the same phenomenon. The unsaturation of 
rubber hydrochloride plotted in Figure 3 against time is to be considered as the 
unsaturation of rubber, from which it is prepared. 

From these experiments it appears that our assumption that hydrochlorina- 
tion of rubber is not accompanied by cyclization holds only as far as special 
conditions are concerned. At higher temperatures and pressures, hydrogen 
chloride acts as a cyclizing agent as well as hydrogen fluoride under normal 
conditions. 

The same experiments repeated at 50° and 20° C showed that neither de- 
crease nor increase in chlorine content takes place if the time of reaction is 
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Fig. 3.—Treatment of rubber, cyclized rubber and rubber hydrochloride, with 
hydrogen chloride Snaer pressure (Method B) at 100° C. 


sufficiently long. In addition, practically no double bonds could be detected 
in these hydrochlorinated polymers by means of tetranitromethane. Our 
conclusion is, therefore, that Method B leads to practically fully hydrochlorin- 
ated cyclized rubber. 

As far as the reproducibility of the two methods of hydrochlorination is 
concerned, the results of experiments with fifteen samples of cyclized rubber in 
which the hydrochlorination and chlorine analysis were carried out in duplicate 
showed that in the region of most frequently occurring chlorine contents (9 to 
19 per cent), the average deviation is +0.5 per cent. 


RESULTS 


A great many samples of cyclized rubber have been hydrochlorinated by the 
two methods. A few examples may show the difference in chlorine content ob- 
tained by using the two methods (Table IV). 
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TaBLeE IV 


CyciizeEp Russper HypROCHLORINATED UNDER NorMAL ConpiTions (MEtTHop A, 
1 Atm. 20° C) AND UNDER PressuRE (METHOD B SEALED TuBEs 20° C) 


Method A Method B Difference 
% ‘ % Ci ; % Cl Unsat. 


Sample 
no, 


8. 10.5 2.1 
5. 8.1 
23. 26.2 
3. 19.0 
9. 14.8 
9. 15.1 
8.1 12.9 


Description of the samples. 

Samples 1 and 2 were cyclized rubbers prepared from rubber in benzene 
solution using SnCl, as a catalyst. Temperature 65° C and time of reaction 
80 and 145 minutes, respectively. 

Samples 3-7 were cyclized rubbers prepared from latex. 

Table IV clearly shows that a difference in chlorine content and, therefore, 
in unsaturation exists from using the two methods of hydrochlorination. This 
difference is relatively small in the case of cyclized rubbers prepared from solu- 
tion and amounts to about 5 per cent Cl in cyclized rubber prepared from latex. 
If the degree of cyclization is small (Sample 3), the difference in chlorine con- 
tent decreases, which is quite natural in view of our working hypothesis. 

Our experiments indicate that at least two types of double bonds occur in 
cyclized rubber. The double bonds hydrochlorinated under normal conditions 
belong to the polyisoprenic type, whereas the double bonds with a lower re- 
activity towards hydrogen chloride are located in the polycyclohexy] groups. 
The polyisoprenic unsaturation is determined by Method A, whereas the poly- 
isoprenic and polycyclohexylic or total unsaturation is found by Method B. 
Furthermore we refer again to the results of infrared analysis, which showed 
that double bonds of the type CCH: are also present. Quantitative data are 
not available. We presume, however, that only a minor part of the polyiso- 
prenic double bonds have isomerized to this type. Since this type of double 
bond can be hydrochlorinated easily®, it will probably behave as an ordinary 
polyisoprenic double bond. Therefore no trouble may be expected from the 
occurrence of this type of double bond as far as our analysis of the structure of 
cyclized rubber is concerned. 

The occurrence of different types of C—Cl bonds in fully hydrochlorinated 
cyclized rubber can in principle be demonstrated by kinetic analysis*. In 
preliminary experiments we have encountered difficulties caused by the insolu- 
bility of the hydrochlorinated cyclized rubber in aniline. Further experi- 
ments will have to be carried out. 


THE DETERMINATION OF THE RATE OF REACTION AND THE 
INFLUENCE OF SOLVENTS ON THE CYCLIZATION OF RUBBER 


To illustrate the continuous character of the cyclization reaction, which 
makes the older distinction between mono- and polycyclorubber meaningless®, 
and the influence of solvents, we shall describe the following experiments in 
which Method A was used for hydrochlorination. To a solution of rubber in 
toluene (5 volume-per cent) 3.5 percent by weight of sulfuric acid calculated 
on rubber was added. The rate of reaction was determined at different tem- 
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Fig. 4.—The rate of cyclization of rubber in solution at different temperatures. 


peratures, namely, 70, 80, 90 and 100° C. During the reaction, samples were 
extracted and the polyisoprenic unsaturation was determined. 

The polyisoprenic unsaturation values were taken as a measure of the degree 
of cyclization. The curves which denote the rate of reaction are given in 


Figure 4. 

Figure 4 shows the effect of temperature on the rate of cyclization. At 
70° C the reaction scarcely takes place. At 80, 90 and 100° C the rate of 
reaction is considerable. In the last three cases especially, the initial rate is 
high, whereas with increasing time the rate rapidly decreases, which is in agree- 
ment with the acceptance of an ionic polymerization reaction scheme. 
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Fie. 5.—The influence of solvents on the rate of cyclization. 
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Another advantage of our method for the determination of the unsaturation 
in cyclized rubber is that it enables us to investigate the influence of solvents 
on the cyclization reaction. For this purpose the rate of cyclization was deter- 
mined by heating 5 per cent solutions of rubber in benzene, toluene, xylene, and 
mesitylene, respectively, with 12 per cent of stannic chloride (calculated on 
rubber) at 65°C. The polyisoprenic unsaturation of samples of cyclized rubber 
withdrawn during the reactions was determined in the way described and taken 
as a measure of the degree of cyclization. The results are shown in Figure 5. 

The results show that the rate of reaction decreases in the series benzene, 
toluene, xylene, and mesitylene, which may be explained by the fact that the 
increasing donor properties of these solvent molecules impede more and more 
the catalytic effect of the acceptor molecule SnCl,, by a greater tendency to 
form complexes with this Friedel-Crafts catalyst. This solvent effect may be 
seen in the same light as the gradual shift in color of iodine in this series of sol- 
vents* from red-violet to brown and the increasing reactivity of these molecules 
towards ozone*™. 

DISCUSSION 


The formulations suggested in this paper explain several chemical properties 
of cyclized rubber. The decrease in unsaturation during cyclization is in agree- 
ment with the acceptance of an ionic polymerization scheme. The results of 
our experiments have shown that at least two types of double bonds occur in 
cyclized rubber, and this agrees with the structure proposed. We have sug- 
gested that the double bonds which react with hydrogen chloride under normal 
conditions belong to the polyisoprenic type and that the double bonds reacting 
only under pressure are located in the polycylcohexyl groups. With respect 
to the low reactivity of part of the double bonds, a feature well known in terpene 
chemistry may be mentioned. Ruzicka has shown in several cases that cyclic 
terpenes like a-amyrin contain a souble bond which can be hydrogenated only 
under pressure. The existence of these double bonds, which do not react with 
peroxyacids, can be detected by means of tetranitromethane. Ruzicka’® 
ascribes the low reactivity of the double bond in a-amyrin to the fact that a 
methyl group has a screening effect on the neighboring double bond. Possibly | 
the same explanation has to be assumed in cyclized rubber. 

The occurrence of tertiary hydrogen atoms in our formulation for cyclized 
rubber may explain the unreliability of iodine chloride and bromine as a means 
for the determination of the unsaturation. Furthermore, the oxidizability of 
cyclized rubber? must probably be ascribed to the same fact. 

It will now be shown that the structure ascribed in this paper to cyclized 
rubber also readily explains some physical and mechanical properties of iso- 
merized rubber. If rubber is converted into cyclized rubber, the density and 
refractive index increase. In low molecular chemistry it is well known that 
conversion of a linear olefinic molecule to the corresponding cyclic molecule is 
accompanied by an increase in density, whereas in terpene chemistry the in- 
crease in refractive index on cyclization of linear terpenes is a well established 
fact. 

As far as the mechanical properties are concerned, we may mention the 
gradual increase in brittle point in passing from raw rubber to cyclized rubber. 
Rubber becomes brittle at —59° C, whereas cyclized rubber (polyisoprenic un- 
saturation about 30) is brittle at room temperature and has its weakening point 
at 70 to 90° C. The formation of condensed polycyclohexyl groups in the 
flexible rubber molecules immobilize these parts of the long rubber chain. 
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On increase of the amount of polycyclohexyl] groups, the material becomes 
hard. In fact, when the ratio of polycyclohexyl groups to polyisoprene chains 
is high enough, a brittle resin is obtained. In this respect we may point to the 
properties of rosin, containing about 90 per cent of abietic acid, which is sirailar 
in structure to the condensed polycyclohexyl groups in cyclized rubber. 

Finally, it may be mentioned here that the investigation of the structure of 
cyclic pentenes as carried out, e.g., by Ruzicka and his coworkers, is very 
difficult, notwithstanding the fact that melting points and specific rotations of 
these compounds can be determined, and one compound can be interrelated with 
another by chemical modification, all of which is impossible in the case of 
cyclized rubber. 

A more detailed elucidation of the structure of cyclized rubber, which is 
now brought into line with our knowledge of low molecular terpene chemistry, 
will have to await further progress in this field. 


SUMMARY 


The history of cyclized rubber, including a series of structural formulas 
previously proposed for this polymer, is reviewed briefly. 

A new formula for cyclized rubber is suggested by applying electronic inter- 
pretations of reactions between electrophilic agents and tertiary alkyl olefins 
and tertiary halides, respectively, to the corresponding reactions with rubber 
and rubber halides. 

It is shown that hydrochlorination can be used for the determination of the 
unsaturation of cyclized rubber. By varying the conditions of hydrochlorina- 
tion, two types of double bonds can be detected in cyclized rubber, a fact which 
is in agreement with the structure suggested. 

By using our method for the determination of the unsaturation, the rate of 
cyclization at different temperatures and the influence of solvents on the rate 
of reaction have been determined. 
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CHLORINATION OF NATURAL AND SYNTHETIC 
POLYISOPRENES* 


GERARD Kraus AND W. B. REYNOLDS 


Appitiep Science Research Lasoratory, UNIversiTy OF CINCINNATI, CINCINNATI, OHIO 


INTRODUCTION 


Since natural rubber was first chlorinated in 1859!, a large amount of work 
has been directed toward elucidation of the mechanism of the chlorination’. 
While the early work in this field correctly established that the chlorination of 
rubber involves both substitution and addition, the recent classical work of 
Bloomfield’ has provided a basic understanding of the various reactions in- 
volved. 

In view of the considerable interest in synthetic polymers, it seemed of 
interest to study in detail the chlorination of synthetic polyisoprene and to 
compare that elastomer with Hevea (cis) natural polyisoprene and gutta- 
percha (trans) natural polyisoprene. Synthetic polyisoprene contains both 
cis and trans internal double bonds and, in addition, differs from the natural 
polyisoprenes in that approximately 10 per cent of the double bonds are in 
vinyl side chains resulting from 1-2 rather than 1—4 addition of monomer units 
during polymerization. D’Ianni and coworkers‘ have reported a close similar- 
ity in the properties of chlorinated synthetic polyisoprene and chlorinated 
Hevea rubber. 


PRESENT INVESTIGATION 


Using a refinement of the chlorination technique of Bloomfield’, the sub- 
stitutive and additive reactions of chlorine with emulsion polyisoprene, Hevea 
and gutta-percha were followed quantitatively. Results are summarized 
graphically in Figures 1-4, in which the curves numbered 1 represent the 
number of chlorine atoms per isoprene unit in the chlorinated polymers as a 
function of the number of Cl, molecules reacted per isoprene unit. Curves 2 
and 3 represent the substitutive and additive chlorine atoms, respectively, also 
as a function of total Cl, molecules reacted per isoprene unit. 

Figure 1 essentially confirms the results of Bloomfield’, and in addition 
indicates that trans gutta-percha is quite similar to cis Hevea. The chlorina- 
tion proceeds in three stages, (1) the first molecule of chlorine reacting leads 
almost exclusively to substitution; (2) the next 1.2 molecules of chlorine react 
by both substitution and addition, and (3) when approximately 2.2 molecules 
of chlorine per isoprene unit have reacted, the additive reaction ceases abruptly 
and all further reaction occurs by substitution. Under the mild conditions 
employed, reaction ceases when the chlorine content of the polymer is approxi- 
mately 64 per cent, corresponding to about 3.38 atoms of chlorine per isoprene 
unit. Our results at 30° show that at this point a total of 2.81 moles of Cl. 

* Reprinted from the Journal of the American Chemical Society, Vol. 72, No. 12, pages 5621-5626, 


December, 1950. This paper is based on a thesis submitted by Gerard Kraus to the Graduate Faculty of 
the University of Cincinnati in partial fulfillment of the requirements for the degree of Doctor of Science. 
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Fic. 1,—Addition and substitution in the chlorination of Hevea and gutta-percha at 30° and in the 
presence of an antioxidant: 1, total chlorine; 2, substitutive; 3, additive. 
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Fie. 2.—Extent of additive and substitutive chlorination of emulsion polyisoprene 
in darkness: 1, total chlorine; 2, substitutive; 3, additive. 
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have reacted, 2.24 moles (80 per cent) of which have reacted sustitutively. 
This compares with 84 per cent reacting substitutively in Bloomfield’s experi- 
ments at 77° in daylight. The difference is due to the slightly different reaction 
conditions. 

Figure 2 gives the results of the chlorination of synthetic polyisoprene in 
darkness and in the presence of an antioxidant. The similarity between these 
results and those obtained with the natural polyisoprenes is marked. However, 
the slight differences observed are significant in interpreting the results. The 
additive reaction for the synthetic polyisoprene ceases abruptly when 2.3 moles 
of chlorine have reacted. At this stage 75 per cent of the chlorine has reacted 
substitutively. 
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prene. 


Fic. 3.—Extent of addition and substitution in the chlorination of polyisoprene in the presence 
of small amounts of oxygen and light: 1, total chlorine; 2, substitutive; 3, additive. 


Figure 3 gives the results of chlorination in diffuse daylight, in the absence 
of antioxidant and with approximately 0.3 volume per cent of oxygen in the 
chlorine stream. A definite shift toward additive reaction can be observed. 
A very pronounced shift toward additive reaction was obtained when 1 per cent 
benzoyl peroxide (based on polyisoprene) was added to the polyisoprene solu- 
tion, and the reaction vessel was irradiated during chlorination with a 100-watt 
mercury arc lamp (Figure 4). 

The limit of additive reaction under the conditions of Figure 2 is 1.21 
chlorine atoms per isoprene unit. Straight addition to the double bond would 
require a value of two for this quantity. The lower value is due to cyclization, 
as will be discussed more fully in a later section. 

Figures 3 and 4 show that it is possible to favor the additive reaction at the 
expense of cyclization by changing the reaction conditions. Additional experi- 
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Fie, 4.—Extent of addition and substitution in the peroxide plus ultraviolet-catalyzed 
chlorination of polyisoprene: 1, total chlorine; 2, substitutive; 3, additive. 


ments on the separate effects of benzoyl peroxide and light showed that per- 
oxide alone does not favor addition, even though it strongly catalyzes the sub- 
stitutive reaction. Ultraviolet light causes a strong shift toward addition. 
Only in the presence of both light and peroxide was it possible to carry the 
chlorination to the very high chlorine content indicated in Figure 4. (Final 
polymer contained 70.4 per cent chlorine or 4.39 chlorine atoms per isoprene 
unit.) 
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Fia. 5.—Unsaturation of chlorinated polyisoprenes. 
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Figure 5 shows the decrease in unsaturation of polyisoprene as a function of 
the per cent chlorine in the product chlorinated under the conditions of Figure 2. 
Values in the range 0 to 30 per cent chlorine were obtained by iodine chloride 
titration according to the method of Kemp and Mueller’. 

The applicability of the iodine chloride titration to chlorinated olefins and 
chlorinated rubber has been investigated by Bloomfield*. Of the following 
groups: 

—C=C-C-C— —O=C-C-C— —C=C—-C-C- 


dy Cl] dy 


only the last one inhibits iodine chloride addition to the double bond. Since in 
the case of chlorinated rubbers of low chlorine content (not more than one Cl 
atom per isoprene unit) practically all the substitutive chlorine is removable with 
alcoholic silver nitrate®, the chlorine cannot be in the 2-position’, and the 
iodine value should give a true measure of unsaturation. 
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Fia. 6.—Inherent viscosity drop in early stages of chlorination of polyisoprene. 


Unsaturation in the 42-64 per cent range was calculated from the remaining 
additive chlorine. This is a correct measure of unsaturation if the cyclization 
is complete below 40 per cent. 

Figure 6 shows the decrease in inherent viscosity of a sample of polyisoprene 
chlorinated under the conditions of Figure 2. Since it has been shown by 
Staudinger and Staudinger® that no appreciable depolymerization takes place 
in the chlorination of rubber hydrocarbon in the absence of light and oxygen, 
the rapid decrease in the inherent viscosity during the early stages of the 
chlorination of synthetic polyisoprene may be ascribed to cyclization. While 
it is true that inherent viscosity changes of this order of magnitude might also 
be effected through a change in polymer-solvent interaction, it appears to the 
authors that, in the case of chlorinated polyisoprene in carbon tetrachloride, this 
change would be toward increased solvation and, hence, larger inherent viscosi- 
ties. On the basis of these considerations, the cyclization reaction appears to 
be essentially complete below 40 per cent chlorine. 
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DISCUSSION 


Examination of Figure 2 indicates that the total amount of.chlorine which 
can be added to the double bonds is only somewhat more than half of the 
amount that could be expected to add on the basis of the initial unsaturation of 
the polyisoprene chlorinated. Since fully chlorinated polyisoprene contains no 
double bonds‘, about half of the initial unsaturation is lost by cyclization. If 
the cyclization is visualized as involving the formation of six-membered rings, 
the possibility of a reaction by pairs is suggested. One of the principal features 
of this type of reaction is the isolation of reactive units between reacted pairs. 
The possibility of isolation of reactive units was first recognized by Flory, who 
developed a statistical treatment for calculating the number of such units’. 
Applying the statistics of reactions by pairs to the cyclization of polyisoprene 
or rubber, one obtains for the fraction of isoprene units incapable of undergoing 
cyclization: 


= (-2)*(n — 8)/sl (1) 


1 
N s=0 


where n is the number of consecutive isoprene units in the chain. For chains 
of more than eight isoprene units, this reduces to 


0.1353(1 + 2/n) (2) 


to a close degree of approximation. 

For long, uninterrupted chains of isoprene units, such as can be expected to 
occur in natural rubber, the fraction of uncyclized units would be approximately 
0.135. Hence the theoretical limit of additive chlorine would be 1.135 atoms 
per isoprene unit. The value found (Figure 1) was 1.14. It is significant in 
this connection that the, unsaturation of completely cyclized rubber (Thermo- 
prene-SL)"® is 57 per cent in excellent agreement with Equation (1). 

In the example of synthetic polyisoprene, the problem is more complicated. 
Polyisoprene prepared by emulsion polymerization contains approximately 
10 per cent external double bonds due to 1,2- and (or) 3,4-addition during 
polymerization. These cannot be expected to undergo cyclization in the same 
manner as the normal 1,4-isoprene units. Further, the total unsaturation of 
emulsion polyisoprene is slightly less than the theoretical. Assuming that 
these side chains and saturated units are lost to cyclization, it is still possible 
to estimate the total amount of additive chlorine. For polyisoprene of 96 per 
cent unsaturation and containing 10 per cent external double bonds we shall 
consider the spacing of the 1,2-addition units and the saturated units as entirely 
random. We shall further assume that only unsaturated 1,4-units are capable 
of undergoing cyclization. The statistical problem is then the same as in the 
removal of chlorine from copolymers of vinyl chloride, a case which has been 
treated by Wall". The fraction of isolated units is given by Wall’s calculation 
as e~**, In our example z = 0.86, so the fraction of isoprene units isolated is 
0.179. The total amount of chlorine necessary to saturate all cyclized units, 
isolated units, and external double bonds is then readily calculated as 1.22 
chlorine atoms per isoprene unit. The experimental value is 1.21 (Figure 2). 

The sharp inherent viscosity drop observed in the early stages of the poly- 
isoprene chlorination (Figure 6) suggests that cyclization precedes the additive 
reaction, a condition tacitly assumed in the statistical discussion. This is 
further borne out by the unsaturation of the low chlorine polymers as shown in 
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Figure 5. The amount of cyclization as calculated from unsaturation in the 
early stages of the chlorination is given in Table I. 


TABLE I 


CYCLIZATION IN THE Earty StaGes OF CHLORINATION OF SYNTHETIC 
POLYISOPRENE AS DETERMINED BY IopINE CHLORIDE TITRATION 
Cyclization, 
double : Ratio 
% Un- bonds lost/ Substitutive substituted 
% Clin saturated isoprene _ Clper Cl to 
polymer by I-Cl unit* isoprene unit cyclization 
0.0 96 0.00 i 
16.6 85 ll 38 ¢ 
19.0 81 5 46 > 
28.6 71 27 . 
32.6 68 .29 ‘ 


* Theoretical limit is 0.36. 


4 
1 
9 
1 


The last column of Table I indicates that, during the early stages of chlorin- 
ation, there are approximately three chlorine atoms substituted for each double 
bond lost through cyclization, t.e., the cyclization reaction appears to be 
brought about by the third chlorine molecule reacting with a particular iso- 
prene unit. Alternatively, cyclization may be induced by the first (or second) 
chlorine molecule reacting, followed by rapid substitution of two (or one) more 
chlorines in the cyclized unit. 

One of the essential features of the statistical treatment of the cyclization 
reaction is that there can be no appreciable addition of chlorine to double 
bonds other than those occurring in already cyclized units (or vinyl side 
chains) until all the cyclization is complete. After this, the isolated units add 
chlorine. The data support this hypothesis. At 36.2 per cent chlorine the 
degree of cyclization is 0.29, but additive chlorine is only 0.02 (probably resulting 
from addition to cyclized units). In the presence of light and peroxide the 
additive chlorine is much greater (Figure 4). Under these conditions, addition 
can apparently occur before cyclization, thus increasing the number of isolated 
units and decreasing the ultimate degree of cyclization. Thus, the total ulti- 
mate additive chlorine would be higher at the expense of cyclization. This is 
in agreement with experiment as shown by Figure 4. 


EXPERIMENTAL 


Method.—The apparatus is shown diagrammatically in Figure 7. A slow 
stream of chlorine (12-20 cc. per min.) and nitrogen in approximately equal 
proportions was introduced just below the surface of an agitated, dilute (20 
grams per liter) solution of the purified polymer in reagent grade carbon tetra- 
chloride. The evolved gases were passed through the condenser (C) and up the 
column (B) packed with metallic antimony and glass wool. Any chlorine 
escaping from the solution was removed by the antimony while the hydrogen 
chloride passed through the column into a 2 N sodium hydroxide solution in the 
trap (A). 

Special tests showed that separation of chlorine and hydrogen chloride by 
the above method was quantitative provided that the antimony was first 
saturated with anhydrous hydrogen chloride. Consequently, the antimony 
used was first treated with anhydrous HCl and then blown free of adsorbed 
hydrogen chloride by a stream of dry nitrogen. As a precaution the standard 
alkali in the trap was checked for hypochlorite and antimony (from hydrolysis 
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of SbCls vapors possibly carried into the trap) after each run. Both tests were 
consistently negative. 

Commercial chlorine was used in all chlorinations. The gas was scrubbed 
with concentrated sulfuric acid (N) and liquefied in a dry-ice trap (L). Half of 
the liquid chlorine was distilled off and trapped in alkali (P). The residue, sub- 
stantially free of oxygen and hydrogen chloride, was allowed to distill into the 
reaction flask (G). The switch from trap (P) to reactor (G) was accomplished 
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Fic. 7.—Apparatus for controlled chlorination of polymers. 


simply by turning the three-way stopcock (J). In experiments in which total 
exclusion of oxygen was not desired, the distillation of the chlorine was omitted. 

The purpose of using nitrogen as a diluent was two-fold. Nitrogen provides 
a neutral atmosphere and keeps the solution in trap (A) from sucking back into 
the system upon absorption of HCl. At the same time, secondary addition of 
HCI to the rubber molecule is prevented by the flushing action of the nitrogen’. 
Oxygen was removed from the nitrogen by passing the latter through a dilute 
solution of chromous sulfate’? (U). The gas was then scrubbed with concen- 
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trated sulfuric acid (T) and passed through a phosphorus pentoxide drying tube 
(S) before being mixed with the chlorine. Again, in experiments not necessitat- 
ing the strict absence of oxygen, the procedure was simplified by omitting the 
chromous sulfate bubbler. The nitrogen used contained 0.3 per cent oxygen 
by volume. 

Before starting each chlorination, the entire system was blown out with 
nitrogen for at least 10 hours. Likewise, the nitrogen flow was continued after 
chlorination until the exit gases tested entirely neutral toward moist litmus 
paper. Total darkness during chlorination was insured by placing the entire 
apparatus in a blacked out laboratory hood. 

Chlorinations under ultraviolet light were run with the reactor flask ir- 
radiated by a 100-watt mercury arc light source. 

Phenyl-8-naphthylamine was used whenever chlorination was carried out 
in the presence of an antioxidant. Its purification was accomplished by re- 
crystallizing technical phenyl-8-naphthylamine™ twice from alcohol. The 
preparation of the samples and the analytical procedures used are given in the 
following paragraphs. 


PREPARATION AND PURIFICATION OF POLYMERS FOR CHLORINATION 


Polyisoprene-—Since a reproducible source of polyisoprene was required, 
polyisoprene was prepared in the laboratory from isoprene“. The isoprene 
was distilled to remove the polymerization inhibitor and polymerized in the 
following emulsion recipe: 


Isoprene 
tert.-Hexadecanethiol 
Water 

Potassium persulfate 
Soap"® 


The polymerizations were carried out in 12-0z. crown-capped bottles, rotated 
end over end in a thermostat at 50° for 30 hours. The latex thus obtained was 
short-stopped with 0.06 grams of hydroquinone and stripped of unreacted mono- 
mer by vigorous stirring at 50-60°. Phenyl-8-naphthylamine (1.2 grams) was 
added as antioxidant. Coagulation of the latex was effected by addition of 
100 cc. of ethanol. The resulting rubber was carefully washed free of soap in 
warm water and dried for 24 hours in a vacuum oven at 50°. This was followed 
by a 24-hour extraction (in a Soxhlet apparatus) with the azeotropic mixture of 
ethanol and toluene. In the extraction all but traces of antioxidant originally 
added to protect the polymer during the stripping and washing operations was 
removed along with residual monomer, low molecular weight polymer and soap. 
The rubber was again dried, this time for 48 hours at 35° in vacuo. The result- 
ing polyisoprene hydrocarbon was a colorless transparent soft polymer of nearly 
theoretical iodine value. It was stored in darkness in an evacuated desiccator. 

Hevea.—Pale crepe was purified by a method similar to that described by 
Kemp and Peters'*. Fifty grams of crepe was placed in a cloth bag and sub- 
merged in 1500 ce. of chloroform to which 0.2 gram of phenyl-8-naphthylamine 
had been added. Diffusion of the rubber into the solvent was allowed to take 
place for five days, after which the rubber was precipitated with methanol and 
redissolved in benzene. The benzene solution was then fractionally precipi- 
tated with a 50-50 mixture of ethanol and benzene and the first fraction dis- 
corded. According to Pummerer and Koch" all impurities are removed with 


Siuapbsecinee 
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the first fraction. The rubber hydrocarbon was dried for 48 hours at 35° in a 
vacuum. Iodine chloride titration gave an iodine value of 370 for the final 
product (99 per cent of theoretical). 

Gutta-percha.—Crude gutta-percha was dissolved in benzene and the solu- 
tion filtered to remove grit and sand. The polymer was then precipitated with 
alcohol and extracted with the azeotropic mixture of ethanol and toluene. 
After two more precipitations, the product was dried in the manner described 
for polyisoprene and Hevea. The purified material had an iodine value of 364 
(97 per cent of theoretical). 

Isolation of chlorination products.—The chlorinated polymers were isolated 
from the CCl, solution by dropping the solution into boiling water to flash off the 
solvent. The product was then divided into small pieces and washed in boiling 
tap water for 30 minutes. This was followed by a similar wash in distilled 
water. The polymer was carefully dried in a vacuum oven at 50°: 

The drastic treatment to remove the solvent is absolutely essential, since 
chlorinated rubbers are particularly apt to retain traces of solvents'*. It was 
realized that boiling of the polymers might cause hydrogen chloride to be split 
off. However, in all but a few cases, no chloride could be detected in the wash 
water. Even when the water gave a positive test for chloride, the amount was 
quite negligible. 

It was found convenient to precipitate polymers of low chlorine content 
with ethanol before boiling them in water. This was done merely to facilitate 
handling of the inherently sticky polymers. 


ANALYTICAL METHODS 


Chlorine analyses——The pure dry polymers were analyzed for chlorine by 
sodium peroxide fusion (Parr bomb technique), followed by Volhard titration. 

The amount of hydrogen chloride evolved during the chlorination was 
determined by titration of an aliquot from the standard alkali. The Volhard 
chloride determination was favored over back-titration with standard acid as a 
matter of convenience. No difficulty was encountered from traces of carbon 
tetrachloride swept into the alkali trap during chlorination. 

Iodine chloride titrations——The limitations of the iodine chloride titration 
have been discussed. The method of Kemp and Mueller’ was applied success- 
fully without modifications to polyisoprene, rubber and gutta-percha. How- 
ever, with chlorinated polymers the procedure had to be modified to insure com- 
plete iodine chloride addition. The reason for this is two-fold: (1) the reaction 
is considerably slower for the chlorinated polymers, and (2) the low solubility of 
some of the chlorinated polymers further retards iodine chloride addition and 
leads to erratic results, as the titration must be carried out with a gel containing 
sample. These difficulties were largely overcome by allowing additional time 
for the iodine chloride addition to take place. 


SUMMARY 


The extent of additive and substitutive chlorination was determined for 
emulsion polyisoprene, Hevea and gutta-percha chlorinated to different chlorine 
contents in darkness and in a nitrogen atmosphere. 

The maximum amount of additive chlorine that can be introduced into the 
polymer is 1.21 atoms of chlorine per isoprene unit for synthetic emulsion 
polyisoprene, 1.14 for Hevea. The chlorination involves a cyclization reaction 
by pairs, leading to isolation of reactive units. The loss in unsaturation due to 
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cyclization has been calculated statistically by the method of Flory and Wall, 
and has been shown to be consistent with the total amount of additive chlorine 
in the fully chlorinated product. 

Cyclization takes place in the early stages of the chlorination simultaneously 
with the initial substitution. The theoretical limit of cyclization calculated 
statistically is 86.5 per cent of all isoprene units cyclized for natural rubber and 
72 per cent for polyisoprene containing 10 per cent vinyl side chains. 

Iodine chloride titration gives fair results for samples of low chlorine con- 
tent, but is not applicable to polymers containing much more than 35 per cent 
of chlorine. Knowing the degree of cyclization, the unsaturation can, however, 
be calculated for any polymer from the extent of additive reaction. 

Substitutive chlorination is catalyzed by oxygen and peroxide, additive 
chlorination by ultraviolet light. Cyclization is partially prevented by the 
increase in additive reaction. Under the combined effect of peroxides and 
ultraviolet radiation, chlorination can be carried to very high degrees. 
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VOLUMETRIC OXYGEN-ABSORPTION 
TEST FOR RUBBER AGING * 
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The utility and limitations of oxygen-absorption methods for the study of 
the aging of rubber have been discussed in a previous publication from this 
laboratory!. It was concluded, on the basis of the evidence available at that 
time, that the volumetric method is generally more reliable than either the 
gravimetric or manometric method. Most of the examples cited in the previ- 
ous publication involved GR-S vulcanizates, and it was therefore desired to 
extend the evaluation of the method to see if it could be used effectively with 
natural rubber stocks. 

The present study includes: (1) an evaluation of the effect of cure on the 
oxidizability of Hevea rubber vulcanizates; (2) the effect of an antioxidant 
(Santoflex-B) and a deactivator (mercaptobenzimidazole); and (3) a compari- 
son of a volumetric oxygen-absorption test with the air oven and oxygen-bomb 
aging tests. 

PROCEDURE 


The apparatus and procedure employed for the oxygen-absorption measure- 
ments have been described*. 

The samples are suspended in an absorption tube which is placed in a con- 
stant-temperature aluminum heating block maintained at 100° C. Lump 
calcium oxide is present to absorb water and carbon dioxide. The oxygen 
pressure is maintained at 760 mm. by periodic manual adjustment, and the 
volume of oxygen absorbed is measured by means of a gas buret attached to the 
absorption tube. Duplicate tubes are included in each run. The data are 
calculated to cc. of oxygen (25° C, 760 mm.) absorbed per gram of rubber in the 
compound. 

The Hevea black vulcanizates used for this study were compounded as 
indicated in TableI. Stock Ais the control, with no added antioxidant. Stock 
B is the same with inhibitor added. Stocks C and D have the same composition 
as A and B except for the addition of mercaptobenzimidazole. The cures were 
for 20, 40, and 80 minutes at 280° F, in slabs of nominally 0.040-inch thickness. 

The values for the initial physical properties of these stocks are given in 
Table II. Because an acidic accelerator (Santocure) was used, retardation of 
the vulcanization process due to the presence of mercaptobenzimidazole was to 
be expected in view of published statements regarding this effect*. The prop- 
erties of stocks C and D which contained mercaptobenzimidazole are lower 


than those of the corresponding stocks A and B. Nevertheless, the breaks in 

* Reprinted from Industrial and Engineering Chemistry, Vol. 43, No. 2, pages 456-463, February 1951. 
This paper was presented at the International Meeting of the Division of Rubber Chemistry of the American 
Chemical Society at Cleveland, Ohio, October 11-13, 1950. 
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TABLE | 


ComMPposITION OF STocKs 


Smoked sheet rubber 
Paraflux 

Stearic acid 

Zinc oxide 
Santocure* 

Sulfur 

EPC black 


B 
100 
4 
3 
3 
1 


— 


3 
50 


| SesmcccomS Q 


Santoflex-B? 1.5 
Mercaptobenzimidazole —: 


_— 


¢ Reaction product of cyclohexylamine and mercaptobenzothiazole: 


—s Hn mt 
Fears CD 
N di : 2 


+ Reaction product of acetone and p-aminobiphenyl, mainly 2,2,4-trimethyl-6-phenyl-1,2-dihydro- 
quinoline: CH 
8 


coy)... 


N Hs 
H 


the curves of cure vs. modulus indicate that the optimum cure is in the vicinity 
of 50 minutes at 280° F for all four stocks. 

Dumbbell tensile specimens were cut from the vulcanized sheets and aged 
by the three methods: (1) oxygen absorption at 100° C and 750 mm.; (2) 
circulating air oven at 100° C; and (3) oxygen bomb at 70° C and 300 pounds 
per square inch. Samples were removed after appropriate time intervals in 


TaB_e II 
INITIAL PHysicaAL PROPERTIES 


Hard- 
ness Util- 


(shore Tensile mate 
i strength elonga- 
durom- a (Ib./sq. tion 
eter) % 300% inch) ; (%) 
56 1480 4160 580 
64 1930 3930 500 
64.5 1870 3610 470 


56 1320 4030 610 
63 1840 4080 530 
63 1820 3770 490 


53 1010 3980 660 
40 58 790 1430 4160 600 
80 59.5 900 1540 3990 570 


20 53 550 990 4200 680 
40 58 710 1320 4200 620 
80 59 810 1420 3910 580 


A. Hevea black uninhibited C. Stock A + 1 part per hundred MBI 
B. Hevea black inhibited D. Stock B + 1 part per hundred MBI 





VOLUMETRIC OXYGEN-ABSORPTION AGING TEST 983 


each case and tested to determine changes in tensile strength, stress at 200 and 
300 per cent elongation, elongation at break, and Shore A hardness. 

The effect of cure and of compounding variations on the oxygen absorption 
of these stocks is discussed in the following sections, after which the three aging 
methods are compared from the point of view of the effect of these same vari- 
ables, 


EFFECT OF CURE 
The state of cure has an important effect on the aging of rubber vulcanizates 
as measured by change in physical properties. If oxygen absorption data are 
to be used to predict the aging behavior of rubber stocks, it is important to 


establish the effect of cure on the results obtained with this test. It has been 
established previously in this laboratory‘ that the effect of curing time on the 
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Fig. 1.—Effect of cure on oxygen absorption of Hevea black stocks. 100° C, 760 mm. 


rate of oxygen absorption is relatively small in the case of a GR-S vulcanizate. 
Kohman® demonstrated a greater effect in the case of a simple rubber-sulfur 
vulcanizate. 

The present study was confined to Hevea black stocks. Three cures were 
employed with both the uninhibited (A) and inhibited (B) stocks. Because 
the optimum cure was approximately 40 minutes at 280° F, the times selected 
were 20, 40, and 80 minutes, so as to include both an undercure and an overcure. 

Effect of cure on oxidation rate—Figure 1 shows the oxygen absorption 
curves obtained at 100° C for the three cures of each of two stocks. In each 
case an uncured strip of the compounded stock was included for comparison. 
The uncured stocks are considerably more resistant to oxidation than the 
vuleanizates. A possible explanation which accounts for at least a part of this 
difference is the presence of natural antioxidants in the natural rubber, which 
are apparently deactivated during the vulcanization process. The oxygen 
absorbed in 10 hours was only 3 ce. per gram for the uncured uninhibited 
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stock, but after vulcanization the absorption was 12 cc. in 10 hours. The pro- 
portional increase is much less in the case of the stocks to which the more stable 
inhibitor, Santoflex-B, was added. 

The effect of cure beyond the first 20 minutes at 280° F is relatively small. 
Nevertheless, in each case additional changes, which take place as the curing 
time is extended, serve to reduce the rate of oxygen absorption. This is in 
partial agreement with the results previously obtained‘ with GR-S, in which 
case the overcures were also observed to absorb less oxygen than the optimum 
cures. These results are contrary to those observed by Kohman' and by Kemp, 
Ingmanson, and Mueller*, who found that increase in vulcanization time caused 
increased oxidizability. These investigators, however, studied gum stocks, 
whereas the present data were obtained with black stocks. In the case of the 
uninhibited stock, the longer the cure, the steeper is the slope after an absorp- 
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Fic. 2.—Effect of cure on tensile strengths of Hevea black stocks vs. oxygen 
absorption. 100° C, 760 mm. 


tion of 10 ec. of oxygen per gram of rubber has been reached. Consequently, 
a reversing of the order of the curves is to be expected when an absorption some- 
what greater than 20 cc. per gram of rubber has been attained. Nevertheless, 
at this point, the stock has become so deteriorated that it is no longer of practical 
value. This reversing of the order of the curves is not evident in the case of the 
inhibited stocks. 

From a practical point of view, it should be recognized that the time of cure, 
within the ranges studied, has a relatively small effect on the rate of oxygen 
absorption for a given stock of both natural rubber and GR-S. The effect is 
actually much less than the effect of cure on the initial values of such physical 
properties as tensile strength. This is one of the outstanding points in which 
the oxygen absorption method is superior to aging tests based on changes in 
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properties, because the effect of cure on the initial properties frequently ob- 

scures other factors under consideration. 

Effect of Cure on Rate of Change in Properties—Changes in tensile strength 
are plotted in Figure 2 for various amounts of oxygen absorbed. In each set 
of curves, the undercure shows the highest value for the tensile strength at any 
given oxygen absorption, and the overcure shows the lowest value; but after 





700] 
































PER CENT ELONGATION 








LEGEND 
CURE UNINHIB. INHIB 


a 
20° ° 
were Se 
60 a a 




















ce) 





1) 4 8 12 16 20 24 
ML. Og PER GM. POLYMER (25°). 
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the absorption of about 4 cc. of oxygen per gram, all six curves have essentially 
the same slope. Thus it would seem that after this amount of oxygen has been 
absorbed, the decrease in tensile strength with further oxidation depends only 
on the amount of additional oxygen absorbed, and is independent of both the 
time of cure and the presence or absence of an added inhibitor. The effect of 
the initial state of cure and the presence of the inhibitor on the relative break- 
down brought about by a given amount of oxygen is thus prevalent only during 
the early stages of oxidation. There is, of course, an effect of the inhibitor on 
the rate of oxygen absorption which continues into the later stages, as was shown 
in Figure 1. 

Changes in modulus or stress at 200 per cent elongation are plotted in Figure 
3 as a function of the amount of oxygen absorbed. The optimum (40-minute) 
cure gives the highest value for a given oxygen absorption, and the undercure 
(20-minute cure) gives the lowest value. The curves pass through a maximum 
at an absorption of 4 to 5 cc. of oxygen per gram of rubber, and then decrease 
at an essentially linear rate. 

The changes in ultimate elongation with amount of oxygen absorbed, as 
shown in Figure 4, confirm the observation made above with respect to tensile 
strength, namely, that the rate of change is not affected appreciably by either 
time of cure or the presence of the added inhibitor. Apparently the inhibitor 
merely slows down the total oxidation process, and does not appreciably affect 
the ratio of chain scission and cross linking. Differences in the state of cure 
are reflected in the initial values but not in the change produced by a given 
amount of oxygen after the absorption of the first 4 or 5 cc. of oxygen per gram 
of rubber. 


EFFECT OF MERCAPTOBENZIMIDAZOLE 


It has been reported in the literature that the incorporation of mercapto- 
benzimidazole (MBI) in a stock protects it against deterioration by oxygen, 
while only slightly affecting the rate of oxidation’. It has further been reported 
that concurrent use of a conventional antioxidant, together with mercapto- 
benzimidazole, makes it possible to increase to a notable degree the resistance 
of a stock to degradation by oxygen*. Because the rates of oxidation were 
determined by manometric means in these previous investigations, and deteri- 
oration was determined in most cases after air-oven aging, it was thought de- 
sirable to measure the rates of oxygen absorption by a volumetric method, at 
the same time measuring the deterioration caused by varying amounts of 
oxygen absorbed. If mercaptobenzimidazole imparts a protective influence to 
rubber stocks by a deactivating effect in addition to its antioxidant activity, 
then the rate of decrease in tensile strength for a given amount of oxygen ab- 
sorbed should be less for the stocks which contain mercaptobenzimidazole than 
for those which do not. 

To demonstrate the advantage of a combination of the antioxidant with 
mercaptobenzimidazole, it is customary to compare the effect of a mixture of 1 
part of each with the effect of 2 parts of either one alone. Such studies have 
demonstrated a synergistic effect®. The purpose in the present study was to 
check two points regarding the effect of mercaptobenzimidazole: (1) the effect 
on the rate of oxygen absorption; and (2) the effect on the change in properties 
for a given amount of oxygen absorbed. For this purpose it was decided to 
observe the effect of addition of mercaptobenzimidazole to both the uninhibited 
and inhibited control stocks A and B. The corresponding mercaptobenzimid- 
azole stocks are designated C and D, as noted in Table I. 
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Fig. 5.—Oxygen absorption of Hevea black stocks. 100°C, 760mm. Effect of 
incorporation of mercaptobenzimidazole in 40-minute cures. 


The oxygen absorption curves obtained with the 40-minute cures are shown 
in Figure 5. It is apparent that'mercaptobenzimidazole causes a very sig- 
nificant decrease in the rate of oxygen absorption when compared to the unin- 


hibited control stock. When added to the inhibited stock, the mercaptobenzi- 
midazole actually caused a slightly more rapid initial rate of oxygen absorption, 
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Fia. 6.—Tensile strengths of Hevea black stocks vs. oxygen absorption. 100°C, 760mm. Effect of 
incorporation of mercaptobenzimidazole in optimum (40-minute) cures. 
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Fic. 7,—Ultimate elongation vs. oxygen absorption of Hevea black stocks. 100° C, 760 mm. 
Effect of incorporation of mercaptobenzimidazole in optimum (40-minute) cures. 
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Fic. 8.—Hardness vs. oxygen absorption of Hevea black stocks. 100° C, 760 mm. 
Effect of incorporation of mercaptobenzimidazole in optimum (40-minute) cures. 
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but in the constant-rate stage the rate is lower and the time required to enter 
the autocatalytic stage of rapid absorption is increased. Thus mercaptoben- 
zimidazole clearly functions in part as an antioxidant in the usually accepted 
sense. 

Changes in physical properties as a function of amount of oxygen absorbed 
are shown in Figures 6 to 9, inclusive. The tensile strengths of the mercapto- 
benzimidazole stocks are higher than those of the respective controls at all 
levels of oxygen absorption, as shown in Figure 6. The difference arises in the 
initial period of oxidation, however, and beyond 4 to 5 cc. per gram the rate 
of change is essentially the same for all stocks. The elongation, hardness, and 
modulus curves in Figures 7, 8, and 9 show higher elongations and lower values 
for hardness and for stress required to produce a given elongation in the case of 
the mercaptobenzimidazole stocks. Approximately the same differences were 
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Fia. 9.—200% Modulus vs. oxygen absorption of Hevea black stocks. 100° C, 760 mm. 
Effect of incorporation of mercaptobenzimidazole in optimum (40-minute) cures. 


present initially, however, and the change with amount of oxygen absorbed 
appears to be comparable for stocks A and C and for stocks Band D. The 
combination in D changes somewhat less than the control stock B, but the 
difference in rate is rather small. ; 

It will be shown subsequently (Figure 12) in the comparison with oven aging 
that the mercaptobenzimidazole stocks retain their tensile strength better than 
the controls and that the combination is more effective than either the antioxi- 
dant or mercaptobenzimidazole alone. This is in agreement with the work of 
Le Bras and his co-workers'*®. In view of the regular relationship of change in 
properties to amount of oxygen absorbed, as shown in Figures 6 to 9, it appears 
that the observed superiority of the mercaptobenzimidazole stocks is accounted 
for at least in part by the decreased rate of oxygen absorption when mercapto- 
benzimidazole is present. It is only in the early stages of oxidation that an 
unusual effect seems to be present, and this raises a question as to whether or 
not the initial state of the vulcanizate may be different when mercaptobenzimid- 
azole is present. 
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It is apparent from Table II that the mercaptobenzimidazole stocks do not 
attain a modulus comparable to that of the controls at the optimum (40- 
minute) cure, even when the cure is extended to 80 minutes, and the shape of 
the cure curve indicates that additional overcure would not appreciably increase 
these values. Thus it is not feasible to attain a state of cure with the mercapto- 
benzimidazole stocks, such that the properties are comparable to the controls 
at the optimum. However, the 20-minute cures (undercures) for stocks A and 
B have initial properties which are of approximately the same magnitude as 
those attained in 80-minute cures (overcures) with stocks C and D. It is, 
therefore, of interest to compare the changes in physical properties with amount 
of oxygen absorbed by these stocks when cured to comparable physical proper- 
ties. It is apparent from Figure 10 that the change in tensile strength with the 
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Fic. 10.—Tensile strengths of Hevea black stocks vs. oxygen absorption. 100° C, 760 mm. Effect of 
incorporation of mercaptobenzimidazole in stocks cured to similar original physical properties. 


amount of oxygen absorbed is essentially the same with and without mercapto- 
benzimidazole, regardless of the presence (stocks B and D) or absence (stocks A 
and C) of a conventional type antioxidant, when the stocks are cured to com- 
parable initial properties. It seems unlikely that this agreement would be the 
result of chance. 

These data indicate that the observed protection imparted by mercapto- 
benzimidzaole is due to a combination of two factors: (1) the antioxidant 
activity which reduces the amount of oxygen absorbed, and (2) the effect on 
the nature of the cure attained. The latter effect should not be confused with 
effect of time of cure, which is small; it is rather an effect on the nature of the 
vulcanizate obtained when mercaptobenzimidazole is present. The observed 
rate of deterioration is, in general, proportional to the rate of oxygen absorp- 
tion, except in the early stages where the initial state of vulcanization may 
account for the apparent superiority of the mercaptobenzimidazole stocks. 
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mparison of three aging methods. 


Thus, it appears that the effect of mercaptobenzimidazole which has been de- 
scribed as a deactivating effect may be the result of the effect of this material 
on the vulcanization process rather than a direct effect on the oxidation process. 


COMPARISON WITH OTHER AGING TESTS 


The potential use of the oxygen absorption method for evaluation of aging 
characteristics of rubber compounds makes it essential to establish the relation- 
ship to other methods of accelerated aging. This is important both to establish 


2000 




















LBS. PER SQ. INCH 








400 




















00 80 60 40 2 0 
% ORIGINAL TENSILE 
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the relative merits of the tests, and to aid in the interpretation of the results 
obtained when the newer method is used. 

In the present study, the oxygen absorption test has been compared with 
air oven and oxygen bomb aging test. The compounds were the same as those 
employed in the preceding studies on the effect of mercaptobenzimidazole and 
the effect of cure. The data obtained by the oxygen absorption test at 100° C, 
by air oven aging at 100° C, and by oxygen bomb aging at 70° C and 300 pounds 
per square inche are compared: (1) from the point of view of the relative effect 
of the three methods of aging on changes in physical properties; (2) with respect 
to the effect of compounding variations as revealed by each test; and (3) on 
the basis of the effect of cure on the results obtained with each test. 





4800 














® 
8 





ce 





O( MBI) 


LBS. PER SQ. INCH 








Cc (MBI) 























| 
0 0 20 noes 40 60 





Fig. 13—Tensile strengths of Hevea black stocks vs. aging in oxygen. 
100° C, 760 mm. Optimum (40-minute) cures. 


Effect of three aging methods on changes in physical properties ——It has been 
demonstrated above (Figures 2, 6, and 10) that changes in the tensile strength 
of a stock are in general proportional to the amount of oxygen absorbed. Fur- 
thermore, changes in tensile strength are commonly employed as a criterion of 
aging. It is, therefore, of interest to compare the changes in other properties 
as a function of the change in tensile strength for each of the three aging methods 
under investigation. 

The elongation and modulus values are plotted in Figures 11 and 12 against 
the percentage of original tensile strength retained after aging. All the stocks 
gave similar results, and only the uninhibited stock at the 40-minute cure is 
shown by way of an example. The results obtained by the oxygen absorption 
and air oven methods (both at 100° C) are very similar, but the relationship 
brought about by oxygen-bomb aging is somewhat different. For a given 
change in tensile strength after aging in the oxygen bomb at 70° C and 300 
pounds per square inch, the elongation is higher and the modulus lower than the 
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Fie. 15.—Tensile strengths of Hevea black stocks vs. aging in oxygen bomb. 
300 pounds per square inch, 70° C. Optimum (40-minute) cures. 
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corresponding value obtained by the other methods. This would seem to 
indicate, as was proposed previously for GR-S", that the ratio of chain scission 
to cross-linking is considerably increased by the higher oxygen concentration 
of the bomb, thus producing a softer stock after aging with a lower modulus and 
higher elongation for a given degradation of tensile strength. These observa- 
tions with respect to the aging of GR-S vulcanizates have been confirmed by 
Scott”. 

Effect of compounding variations as reflected in three tests —The changes in 
tensile strength observed with the 40-minute cures are plotted against time of 
aging in Figures 13, 14, and 15, for the oxygen absorption, air oven, and oxygen 
bomb methods. In general, the three tests rate the stocks qualitatively in the 
same order, namely, D, B, C, and A, in order of decreasing resistance to aging. 


TaBLe III 


Times RequiIRED TO RepucE TENSILE STRENGTHS OF HEVEA STOCKS TO A 
GIVEN VALUE IN AIR AND IN OXYGEN aT 100° C 
Ratio 
hours 
in air 
; Hours _to hours 
Tensile in in oxygen 
strength oxygen at 100° C 
3930 . —- 
3000 


0.0 


‘ 30.0 58 1.9 
2400 48.2 96 2.0 


The only exception is a reversal of the order of stocks B and C after 3 days in 
the air oven, as shown in Figure 14. The oxygen bomb test (Figure 15) does 
not demonstrate as much of an effect due to the presence of mercaptobenzimid- 
azole as is indicated by the other two tests. 

Because the only important difference in the conditions of the oxygen ab- 
sorption and air oven methods is the oxygen concentration, it is of interest to 
compare these two tests quantitatively as well as qualitatively. Table III 
shows the times required to produce a given change in tensile strength in air 
and in oxygen at 100°C. The ratio of time in air to time in oxygen required to 
produce the same change in tensile strength is approximately 3.0 for the unin- 
hibited stocks and 2.0 for the inhibited stocks. The presence or absence of 
mercaptobenzimidazole did not affect this ratio. 

It would appear, from the above difference in the air-oxygen ratio, that the 
0.040-inch sample thickness employed is sufficiently great to bring about some 
limitation of the oxidation reaction by rate of diffusion in the case of the unin- 
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Fia. 16.—Effect of cure on tensile strengths of Hevea black stocks vs. 
aging in oxygen. 
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hibited stocks in air at 100° C (but not in oxygen). The inhibited stocks 
oxidized much more slowly than the uninhibited stocks, and consequently 
their oxidation would be less likely to be limited by rate of diffusion. In the 
case of the uninhibited stocks in air at 100° C, however, the more rapid reaction 
probably uses up oxygen faster than it is replaced by diffusion, with the result 
that the concentration of oxygen in the sample is reduced and a longer time is 
required to produce a given deterioration. 

Effect of cure on results obtained with each test—The effect of the three 
methods of aging on the tensile strength of the uninhibited (A) and inhibited 
(B) compounds cured for 20, 40, and 80 minutes at 280° F is presented in Figures 
16, 17, and 18. It will be observed that all three tests give the same order for 
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Fic. 18.—Effect of cure on tensile strengths of Hevea black stocks 7s 
aging in oxygen bomb. 300 pounds per square inch, 70° C. 


the cures in each case, namely, 20, 40, 80, and that the tensile strength of the 
stock cured for the shorter time is higher at any given time of aging. 

The effect of cure is very slight over the range studied in the case of the 
oxygen absorption test; it is somewhat greater in the case of the oxygen bomb 
test; and it is very pronounced in the case of the air oven method. In Figure 
17, for example, the two sets of curves overlap, so the overcure with inhibitor 
appears to be comparable to the undercure without added inhibitor. Thus, the 
effect of cure on the aging behavior is comparable in magnitude to the effect of 
the antioxidant when the air oven is used as the criterion of aging resistance. 
It is evident that the effect of cure may seriously obscure the results when either 
the air oven or oxygen bomb is used to evaluate the relative merits of anti- 
oxidants or the effect of other compounding variations upon aging behavior. 

The fact that cure has relatively little effect on either the rate of oxidation 
or the rate of tensile deterioration when the oxygen absorption method is used 
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is thus an outstanding advantage in all aging studies, other than those directly 
concerned with the effect of cure. 


SUMMARY AND CONCLUSIONS 


A volumetric oxygen-absorption test for aging of rubber has been investi- 
gated from the point of view of the effect of cure and the effect of mercapto- 
benzimidazole on the aging behavior. The test has also been evaluated by 
comparison with conventional air oven and oxygen bomb aging. 

A compounded but uncured Hevea black stock is more resistant to oxidation 
than the vulcanized material, but after a reasonable cure is obtained, further 
heating produces only a small change in the rate of oxygen absorption. 

The change in physical properties corresponding to a given amount of oxy- 
gen absorbed varies somewhat with time of cure in the initial stages, but after 
the absorption of 4 or 5 ce. of oxygen per gram of rubber, the changes in most 
physical properties are a direct function of the amount of oxygen absorbed. 
Neither time of cure nor the presence or absence of inhibitor has any significant 
effect on the subsequent rate of change in such properties as tensile strength 
and ultimate elongation for a given amount of oxygen absorbed. 

Oven aging data on identical time cures confirm the reported superiority of 
a combination of mercaptobenzimidazole with a conventional type of anti- 
oxidant. Oxygen absorption data reveal, however, that mercaptobenzimid- 
azole causes a significant decrease in the rate of oxidation of a Hevea black 
stock, and thus it clearly functions at least in part as an antioxidant in the 
usually accepted sense. 

The deterioration of properties is, in general, proportional to the oxygen 
absorbed, except in the early stages of oxidation where the mercaptobenzimid- 
azole stocks change somewhat less than the controls for a given amount of 
oxygen absorbed. When the cures are selected to give comparable initial 
properties, however, the change in tensile strength of the mercaptobenzimid- 
azole stocks with amount of oxygen absorbed is essentially the same as for the 
controls, even in the initial stages. 

These data suggest that the observed protection imparted by mercapto- 
benzimidazole results from a combination of two factors: (1) the normal anti- 
oxidant activity of mercaptobenzimidazole, which reduces the amount of 
oxygen absorbed; and (2) an effect on the nature of the cure attained when 
mercaptobenzimidazole is present, such that the absorption of a given amount 
of oxygen in the early stages is not accompanied by as great a change in prop- 
erties. Thus, it appears that the deactivating effect may be the result of the 
effect of this material on the vulcanization process rather than a direct effect 
on the oxidation process. 

A comparison of the effect of oxygen absorption, air oven, and oxygen bomb 
aging methods on changes in physical properties of Hevea black stocks shows 
that the results obtained by oxygen absorption and air oven methods (both at 
100° C) are similar, but that the higher oxygen concentration of the oxygen 
bomb test (70° C and 300 pounds per square inch) apparently results in a higher 
proportion of chain scission when compared to cross-linking of the polymer 
chains. 

The effect of compounding variations as reflected in the three tests is such 
that the four stocks were rated qualitatively in the same order, in most cases. 
There was a reversal of the order of two of the stocks after 3 days in the air 
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oven, however, and the oxygen bomb test does not demonstrate as much of an 
effect due to the presence of mercaptobenzimidazole as do the other two tests. 

The ratio of the time in air to the time in oxygen at 100° C required to pro- 
duce a given change in tensile strength was approximately 2.0 for the inhibited 
stocks and 3.0 for the uninhibited stocks, and the presence or absence of mer- 
captobenzimidazole did not affect the ratio. The higher ratio observed for the 
uninhibited stocks probably is the result of partial limitation of the oxidation 
reaction by rate of diffusion in the case of the air oven method. 

The effect of cure is very slight over the range studied in the case of the 
oxygen absorption test; it is somewhat greater in the case of the oxygen bomb 
test; and it is very pronounced in the case of the air oven method. This is 
one of the outstanding advantages of the oxygen absorption method for aging 
studies, since the effect of cure frequently obscures the effect of other factors 
under investigation when the other aging methods are employed. 

No one aging test can be expected to give all the answers required, for ex- 
ample, ozone resistance is a very important factor which is not measured by 
oxygen absorption. Furthermore, it is generally desirable to evaluate a prod- 
uct under service conditions whenever possible, in addition to the use of ac- 
celerated aging tests. Nevertheless, accelerated tests are of value, and the 
volumetric oxygen absorption test appears to have a greater potential useful- 
ness as a general method for evaluating aging resistance of rubber stocks than 
the tests now commonly employed for this purpose. 
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RUBBER OXIDATION AND AGING STUDIES 


SAFE LIMITS OF SAMPLE THICKNESS * 
Grorce W. Buivum, J. Rem SHELTON, AND HuaH WINN 


Case InstiITuTe OF TECHNOLOGY, CLEVELAND, OHIO 


Whenever an accelerated aging test for rubber is employed, it is important 
to know whether the observed rate of deterioration is determined by the sus- 
ceptibility of the rubber compound to oxidation or whether the rate is limited by 
the rate at which oxygen diffuses into the sample under the conditions of the 
particular test. In kinetic studies involving the rate of oxygen absorption by 
natural and synthetic rubbers, it is essential to know whether the observed 
rate is a true measure of the chemical reaction or whether the rate is limited by 
the physical process of diffusion. 

The object of the work reported in this paper is to establish the safe limits 
of sample thickness at various temperatures for typical natural and synthetic 
rubber compounds so that chemical reaction, rather than diffusion, will be the 
controlling factor. Only when two samples of different surface area-to-weight 
ratios have the same oxygen-absorption curve at a given temperature is it 
certain that the rate of the chemical reaction alone has been measured. When 
diffusion is rate controlling, an increased surface area-to-weight ratio results 
in an increase in the measured rate of absorption. 

Standard industrial practice in the determination of oxidation or aging of 
rubber of all types is to employ samples of approximately 0.080 inch (about 2 
mm.) in thickness, with the adjustment of the operating conditions of tempera- 
ture and oxygen pressure to complete the determination in a relatively short 
time. This procedure and the results obtained are of considerable value in 
evaluating relative degrees of oxygen deterioration, but in many instances the 
data are the result of limitation by diffusion; if this is not recognized, some con- 
fusion may be introduced in the interpretation of the results. 

The effect of surface area on the rate of oxygen absorption of natural rubber 
has been noted by previous workers', and the effect in a GR-S black stock was 
discussed briefly in a prior publication from this laboratory?. This work ex- 
tends the study to other temperatures and to other elastomers and seeks to 
establish more precisely the safe limits of sample thickness for rubber oxidation 
and aging studies. 

A typical oxygen absorption curve for either natural or synthetic rubber 
vulcanizates shows a short initial period of rapid oxidation, followed by a 
longer period in which the rate of oxidation is slower and fairly constant, and 
finally by an autocatalytic stage of more rapid absorption. If the sample 
thickness is such that the rate is not limited by diffusion in this final rapid 
stage, then it would clearly be free of limitation in the earlier stages as well. 
The first efforts were, therefore, directed toward establishing the safe limits of 


sample thickness for the autocatalytic stage. 
* Reprinted from Industrial and Engineering Chemistry, Vol. 43, No. 2, pages 464-471, February 1951. 
This paper was presented at the International Meeting of the Division of Rubber Chemistry of the American 


Chemical Society at Cleveland, Ohio, October 11-13, 1950. The present address of Hugh Winn is The 
Firestone Tire and Rubber Company, Akron, Ohio. 
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Many oxidation and aging studies are primarily concerned with the earlier 
stages of oxidation, since the properties of a vulcanizate are seriously degraded 
long before the autocatalytic stage is reached. Consequently the last portion 
of this paper also sets forth the approximate sample thickness observed to be 
free of limitation by diffusion in the constant-rate stage of oxidation. 


APPARATUS AND PROCEDURE 


The oxygen-absorption apparatus employed for this work is of the volu- 
metric type described in previous publications from this laboratory*. The 
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Fig. 1.—Aluminum heating block. Fourteen holes, 2-inch diameter, equally spaced. 


most recent modification of the equipment employs an aluminum block (Figure 
1) as the source of heat at constant temperature. The auxiliary heater is used 
only to help bring the block to the desired temperature, and only the control 
cartridge heater is used during a run. The temperature is controlled within 
+0.25° C up to an operating temperature of 150° C. The aluminum block is 
bored to accommodate fourteen absorption units of the type shown in the detail 
drawing in Figure 2. Each is attached to a gas buret by a 2-mm. capillary tube. 
The assembled apparatus is shown in Figure 3. A new-type support for the 
mercury-filled leveling bulbs, mounted on stainless steel rods, facilitates rapid 





INFLUENCE OF THICKNESS IN OXIDATIVE AGING 1001 


and accurate adjustment to obtain the desired pressure in the system. The 
heating block is covered on all sides with at least 2 inches of insulation. 

The procedure has been described fully. However, a few comments rela- 
tive to techniques developed in the use of the method might be of value to 
other workers in the field. For example, accurate measurement of the pressure 
differential is facilitated by directing a beam of light across the surface of the 
mercury in the leveling bulb so as to cast a shadow on the buret. Tygon tubing 
is used to join the connecting capillary glass tubes to the sample tube and to the 
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Fie. 2.—Absorption tube. 


buret. A little glycerol is employed as a lubricant to aid in slipping the Tygon 
collar on the glass. Old collars are cut off and new ones used for each run. 
Any absorption of oxygen by the small amount of exposed Tygon at room tem- 
perature is negligible in comparison with the absorption by the rubber at 
elevated temperature, and in any event the empty control tubes employed 
would correct for possible error from this source. Cellogrease was originally 
employed to lubricate and seal stopcocks and ground-glass joints, but this ma- 
terial does oxidize to some extent. Silicone stopcock lubricant has proved 
more satisfactory for this purpose and is now used exclusively. 
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As each sample tube is placed in the heating block it is immediately evacu- 
ated and held under vacuum until all are in place. Oxygen is then admitted 
and the system immediately reevacuated. This cycle is repeated three times 
and the initial volume reading taken immediately after the oxygen has been 
admitted the last time and the pressure adjusted to 760 mm. of mercury. 
Subsequent volume changes due to lack of temperature equilibrium at the time 
of the first reading are corrected by the corresponding changes in the duplicate 
control tubes. 


























kia. 3.—Assembied apparatus. 
SCOPE OF INVESTIGATION 


Natural rubber and three synthetic rubber types, GR-S, Neoprene, and 
Butaprene-N XM, were included in this study. Both gum and black stocks of 
each rubber type were prepared and the Hevea black stock was studied both 
with and without the addition of antioxidant. The composition of the stocks 
is indicated in Table I. 

Each stock was cured in slabs of four different thicknesses, usually within 
0.010 to 0.080 inch. The volumetric rate of oxygen absorption was determined 
for each thickness of each stock at a minimum of three temperatures within 
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TaB_e [ 
Composition or Stocks 
Parts per hundred GR-S Smoked sheet Butaprene-NXM Neoprene 








Type Stock Black Gum Black Black Gum Black Gum Black Gum 
Stock No. 1 2 3 4 5 7 9 
EPC black 50 - 50 50 - - — : 
SRF black — _ - - 50 
Santoflex-Be - — a af wf 
Stearic acid 

Zinc oxide 

Santocure 

Thiotaxe 

Monex?é 

Sulfur 

Bardol¢ 

Paraflux/ 

Plasticizer-SCe 

may paaiplete 

Circo light oil — 


Pip-pip 
Light calcined MgO — — - - —_ —- 
Cure time (min.) 50 60 40 40 40 20 
Cure temp. (° F) 298 280 280 280 280 280 

@ Reaction product of acetone and p-aminobiphenyl. 

> Reaction product of cyclohexylamine and mercaptobenzothiazole. 

¢ Mercaptobenzothiazole. 

4 Tetramethylthiuram monosulfide. 

¢ Obtained from Barrett Div., Allied Chem. and Dye Co. 

/ Obtained from C. P. Hall Co. 

¢ Obtained from E. F. Drew & Co. 
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60° to 150° C. The particular thicknesses and temperatures employed were 
not the same for all stocks, but were selected arbitrarily for each on the basis of 
convenience and the anticipated rates of diffusion and oxidation, based on 
prior experience. 

Approximate safe limits of sample thickness were determined by inspection 
of the graphs of oxygen absorption versus time. More accurate limiting values 
have been calculated on the basis of a method developed for GR-S stocks‘. 
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Fic. 4.—GR-S black vulcanizate, 130° C. 
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LIMITING VALUES FOR AUTOCATALYTIC STAGE 


Theory and data for GR-S.—The data for the GR-S black stock was obtained 
at an earlier date‘, and the oxygen absorption curves obtained at 80°, 90°, 100°, 
110°, and 120° C for three different thicknesses have been published?. Com- 
parable data obtained at 130° and 150° C are shown in Figures 4 and 5. Figure 
6 shows a typical oxygen absorption curve for a GR-S gum stock at 130° C. 
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$s 
Fic. 35.—-GR-S black vulcanizate, 150° C. 


Below 100° C the absorption curves for the samples of different thicknesses 
coincide, and therefore diffusion does not limit the rate of absorption even for 
samples 0.075 to 0.080 inch thick. At each of the higher temperatures, how- 
ever, there is a definite maximum sample thickness beyond which the rate of 
absorption is limited by diffusion. A sample whose absorption is limited by 
diffusion is absorbing oxygen only as fast as the available surface permits. In 
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Fic. 6.—Oxygen absorption of GR-S gum stock at 130° C. 
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such cases, the maximum rate of diffusion expressed as cc./hr./sq. cm. of sur- 
face area should be a constant. In Table II the measured maximum rate of 
absorption per square centimeter of surface area is given for samples of different 
thicknesses at 110°, 120°, 130°, and 150° C. Since even the thickest samples 
employed were not limited by diffusion at temperatures up to 100° C, the maxi- 
mum diffusion rate cannot be calculated from the data obtained at 80°, 90°, 
and 100° C. 

Since the oxygen absorption curves for the two thinnest samples coincide 
at each temperature except 150° C, and since the rates of diffusion for the thin- 
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Fig. 7.—Limiting diffusion and reaction rates for GR-S stocks. 


nest samples at each temperature, as shown in Table II, are lower than those 
for the thicker samples, the thin samples are not limited by diffusion. There- 
fore, the observed rate of absorption for the thinnest samples is in each instance 
a true measure of the rate of the chemical reaction occurring. The samples 
which are limited by diffusion, that is, have lower rates of absorption than the 
thinnest samples, have a constant diffusion rate. The limiting diffusion rates 
at the various temperatures are as follows: 110° = 0.031, 120° = 0.043, 130° 
= 0.087, and 150° = 0.23 cc./hr./sq. em. In Figure 7 the logarithm of the 
limiting diffusion rate (Kp) and the logarithm of the maximum observed reac- 
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TABLE II 


LiwitinG Dirrusion Rate CALCULATION 


(GR-S black vulcanizate) 


Obsvd. Max. 

Tempera- absorption Surface area Apparent 
ture Thickness rate (sq. em. /g. diffusion rate 
(°C) (inches) (ce. /g. /hr.) GR-8)} (ec. /hr. /sq. em.) 
150 0.010 22.9 127.5 0.180 

0.017 17.5 75.0 0.234 
0.037 7.91 34.5 0.229 
0.078 3.70 16.35 0.228 


0.014 4.06 91.1 0.045 
0.024 4.06 53.1 0.075 
0.038 2.82 33.6 0.084 
0.076 1.465 16.8 0.087 


0.026 1. 
0.038 l. 
0.078 0. 


1 49.0 0.029 
1 33.6 0.042 
I 16.35 0.043 


0.026 0.985 49.0 0.020 
0.038 0.809 33.6 0.024 
0.078 0.506 16.35 0.031 


tion rate in cc. per hour per gram (Kp) have been plotted against the reciprocal 
of the absolute temperature. The corresponding values for the GR-S gum 
stock as obtained from the oxygen absorption curves obtained at 110°, 120°, 
and 130° C are also plotted in Figure 7 for comparison. From this plot the 
limiting thickness for a given temperature may be estimated. The equations 
may be developed in the following manner: 


1. Surface area from thickness: 

Let W = weight of polymer in the compound, grams 
d = density of the compound = g. per cc. 
t = thickness in inches 
P = % of polymer in the compound 


A = surface area of sample in sq. em. 
Then, neglecting edge effect which can be shown to be negligible: 


_ 2¢100W — 78.6W 
~ Pdt X 2.54 ~=—~Pddt 





For the compound employed here (GR-S black) 
d = 1.018g./ml. P = 60.7% 


Since the maximum absorption rates are measured in cc. per gram of polymer, 


W =1.0 


78.6 X10 _ 
60.7 X 1.018¢ — 





Then A = 


Thus, if the thickness = 0.010 inch, A = 127.5sq. cm. These data are sum- 
marized in Table III for all the stocks employed in this study. 
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2. Limiting thickness at a given temperature: 


From Figure 7 the diffusion constant (limiting diffusion rate) may be obtained 
for this compound at any temperature in the desired range. In the limiting 
case the product of the surface area and the rate of diffusion is equal to the rate 
of reaction. 


‘ K : 
Kp = - mathematically 
: 1.275 m Krl Kp1.275 
since A = Kp = —= i= -—— 
veces ( D = 1.275 Kr 
xample: at 150° C logKr 11.36-10 Kr 23 
logKp 9.36-10 Kp 0.23 


1.275 X 0.23 aan 
t= ace a = 0.013 inch 


The estimated limiting sample thicknesses at each of the various tempera- 
tures calculated in this manner for the GR-S black stock are shown in Figure 
18, along with the corresponding values subsequently obtained for the other 
stocks included in this study. The significance of these thicknesses should be 
fully understood. They are the maximum thicknesses that permit the diffusion 
of oxygen into the sample at a rate sufficient to support the chemical reaction 
at the observed maximum rate for this particular compound, temperature, and 
760 mm. of oxygen pressure. It is to be expected that different polymers and 
different compounding formulations will have different limiting diffusion rates 
and different maximum reaction rates. Therefore, different limiting thick- 
nesses are to be expected. Furthermore, at reduced pressures both the rates 
of chemical reaction and diffusion will be different, and the limiting sample 
thickness may be altered. 

Results obtained with other stocks—Oxygen absorption curves were obtained 
with various thicknesses of the natural rubber stocks at temperatures ranging 
from 60° to 110° C. Typical examples are shown in Figures 8, 9, and 10. 
Maximum observed absorption rates in the autocatalytic stage and the maxi- 
mum observed diffusion rate, obtained from these data in the same manner as 


TaBLeE III 
Data REQUIRED FOR CALCULATIONS OF LIMITING SAMPLE THICKNESS 


; } Limiting 
Densit; Polymer Equation for sample 
Compound (g./ec. (%) surface area thickness 


GR-S Black 1.018 60.7 A = 1.275/t 1.275K p/Kr 
GR-S Gum 0.986 91.4 A 0.872 /t 0.872K p/Kr 
Hevea Black 

Inhibited 1.11 60.5 A 1.17/t 117Kp/Kr 

Uninhibited 1.08 61.1 A 1.19/t 119K p/Ker 
Hevea Gum 

Uninhibited 0.969 90.4 0.899 /t 0.899K p/Kr 
Butaprene-N XM 

Black 1.19 54.3 A = 1.218/t 1.218K p/Kr 

Gum 1.045 87.6 A = 0.860/t 0.860K p/K r 
Neoprene (GR-M) 


Black 1.42 61.2 A = 0.901/t 0.901K p/Kr 
Gum 1.31 88.2 A = 0.892/t 0.892K p/K r 
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Fia. 8.—Hevea black tread stock, 100° C, antioxidant added. 
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Fic. 9.—Hevea black tread stock, 100° C, no antioxidant. 
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3. 10.—Hevea gum vulcanizate, 100° C, no antioxidant. 
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Fig. 11.—Limiting diffusion and reaction rates for Hevea stocks. 





explained above for GR-S, have been plotted in Figure 11 as the logarithm of the 
limiting rates against the reciprocal of the absolute temperature. The limiting 
values for the Hevea black stock with and without added antioxidant fall along 
the same straight line when plotted on this basis. This indicates that the 
antioxidant is used up during the constant-rate stage, and hence there is little or 
no effect on the ultimate reaction rate obtained in the autocatalytic stage. 
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Fig. 12.—Oxygen absorption of Butaprene-NXM black stock at 100° C. 
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Fie. 13.—Oxygen absorption of Butaprene-NXM gum stock at 100° C. 
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The upturn in rate apparently corresponds to the point at which the antioxidant 
concentration is reduced to an ineffective level. Values of Kp and Kp read 
from Figure 11, both for temperatures within the range studied and for a reason- 
able extrapolation of the data, have been used with the required data of Table 
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Fic. 14.—Limiting diffusion and reaction rates for Butaprene-NXM stocks. 
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Fia. 15.—Oxygen absorption of Neoprene black stock at 100° C. 


III to calculate the limiting sample thickness values shown in Figures 18 and 
19 for the Hevea stocks. 

Butaprene-N XM stocks were investigated in similar fashion at temperatures 
from 90° to 130° C. Typical results are shown in Figures 12 and 13. Runs 
completed first at the higher temperatures revealed that the limiting sample 
thickness is quite low for those stocks, and consequently some very thin sheets 
of about 0.005-inch thickness were included in the studies at 90° C. The 
calculated diffusion rates do not approach a constant value as closely as was 
observed with GR-S, and the Kp values for the gum stock plotted in Figure 14 
do not locate the line so well as might be desired. It is clear that the mathe- 
matical relationship developed for GR-S does not apply’so well to the Buta- 
prene-NXM stocks. Nevertheless, the calculated values for the limiting 
sample thickness shown in Figures 18 and 19 appear to be of the right order of 
magnitude. 

The data obtained with various thicknesses of Neoprene black and gum 
stocks at 90°, 100°, and 110° C are illustrated in Figures 15 and 16 by the re- 
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Fig. 16.—Oxygen absorption of Neoprene gum vulcanizate at 100° C. 
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Fig. 17.—Limiting diffusion and reaction rates for Neoprene stocks. 








LIMITING SAMPLE THICKNESS (in inches) 


TEMPERATURE °C. 


Fig. 18.—Limiting sample thickness of black stocks vs. temperature. 
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TaBLe IV 


Samp.Le THICKNESS DEMONSTRATED TO BE FREE or LIMITATION 
BY DiFFusION IN CoNsSTANT-RaTE STAGE 
; O: absorbed 
Thickness at end of 
shown to be constant- 
Tempera- free of rate stage 
ture limitation (cc. /g. of 
Stock (°C) (inches) polymer) 


GR-S black 110 0.075 30 
120 0.040 30 
130 0.040 15 
150 0.020 15 


GR-S gum 110 0.075 15 
120 0.075 20 
130 0.020¢ 20 


Hevea black 80 0.075 20 
Inhibited 100 0.075 20 
110 0.040 20 


Uninhibited 60 0.075 20 
80 0.040 20 

90 0.040 25 

100 0.040 20 


ldevea gum 60 0.075 25 
80 0.040 20 
100 0.020 20 


Butaprene-NXM 90 0.040 
Black 100 0.040 15 
0.015 20 


Gum 90 0.040 20 
100 0.020 10 
0.010 10 


Neoprene (GR-M) 90 0.040+ 20 
Black 100 0.040 20 
110 0.020 15 


Gum 90 0.045 15 
100 0.045 15 
110 0.025 12 


* A somewhat thicker sample might prove satisfactory. 


sults obtained at 100° C. The data are somewhat more regular than for the 
Butaprene-NXM, although some similar difficulties were encountered. The 
calculated limiting sample thickness values from the graph in Figure 17 and the 
necessary data of Table III are plotted in Figures 18 and 19. 

Prior to the development of the equation used here for calculation of the 
limiting sample thickness, the broad limits were determined by inspection. 
If, for example, in a hypothetical case, four different thicknesses were em- 
ployed—0.010, 0.020, 0.040, and 0.080 inch—and the thinnest two gave virtually 
identical oxygen absorption curves, it would be obvious that there was no 
limitation by diffusion for these two thicknesses. If the two thicker samples 
showed progressively slower maximum rates of absorption as the ratio of sur- 
face area to weight decreased, a limitation by diffusion would be indicated. 
In this instance it would appear that the borderline thickness would be some- 
where between 0.020 and 0.040 inch. 
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The calculations described help to locate the limiting value more accurately 
within the limits thus established. Nevertheless, the broad limits, which are 
usually apparent by inspection, serve as a check on the reliability of this method 
of calculation. Applying this check to all the data summarized in Figures 18 
and 19 discloses only a few borderline situations, namely, GR-S black at 120° C, 
Butaprene-NXM gum at 90° and black at 100° C, Neoprene gum at 90° C, 
and black at both 90° and 110° C. Although the discrepancies never exceed a 
few thousandths of an inch in thickness, they serve to emphasize that these 
values are only approximations and that suitable margins should be allowed in 
choosing the thickness for oxidation and aging studies. 

The variation of limiting sample thickness with temperature, as illustrated 
in Figures 18 and 19, for the black and gum stocks of each of the rubber types, 
is much more rapid for the GR-S stocks than for the others over the tempera- 
ture range studied. The values for Butaprene-NXM and Neoprene stocks 
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Fig. 19.—Limiting sample thickness of gum stocks vs. temperature. 


change very slowly with temperature, whereas the Hevea stocks appear to be 
intermediate in this respect. 

It should be pointed out that these values are the maximum thickness which 
permit oxygen to diffuse into the sample rapidly enough to support the 
chemical reaction at its maximum rate under the specific conditions of this test. 
At reduced oxygen pressure, for example, the rates of both reaction and diffusion 
would be changed and therefore the limiting value of the sample thickness 
would be altered. Safe limits of sample thickness must, therefore, be some- 
what lower than these limiting values. 

Finally, it should be emphasized that these limiting values concern the 
maximum rate attained in the final autocatalytic stage of the reaction. The 
properties of a stock are actually seriously degraded long before this stage of 
oxidation is reached, and for studies that do not extend into this region, a 
somewhat thicker sample may be employed. 


LIMITING VALUES FOR CONSTANT-RATE STAGE 


The limiting sample thickness values obtained from studies in the auto- 
catalytic stage are generally much smaller than the 0.075 to 0.080 inch thickness 
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commonly employed for aging studies based on determination of changes in 
physical properties such as tensile strength. Aging tests are frequently con- 
fined to the earlier stages of oxidation, however, and thus may not involve the 
autocatalytic stage. The constant-rate period of oxidation is actually more 
important from a practical point of view, since the rubber is so badly degraded 
as to be useless by the time the autocatalytic stage is reached. 

The presence or absence of limitation of the rate of oxygen absorption in 
the constant-rate stage by rate of diffusion is usually apparent on careful 
inspection of the oxygen-absorption curves for samples of different thicknesses. 
The accuracy with which the limiting value is bracketed depends on the 
original arbitrary selection of thicknesses to be studied. Safe limits of sample 
thickness for oxidation and aging studies which do not include the autocatalytic 
stage are pointed out in the following discussion and summarized in Table IV. 

The oxygen absorption curves for the GR-S stock black as shown in Figures 
4 and 5 of this paper and Figure 6 of a previous publication? indicate that the 
usual 0.075 to 0.080 inch thickness is satisfactory in the constant-rate stage up 
to a temperature of 110°C. A sample approximately 0.040 inch thick is satis- 
factory up to 130° C, but at 150° C the sample should not exceed 0.020 inch in 
thickness. The GR-S gum stock gives similar results based on the curves ob- 
tained at 110°, 120°, and 130° C, for example, see Figure 6. The sample of 
approximately 0.075 inch was satisfactory up to 120° C, but a thinner sample 
would be required at higher temperature. 

The usual 0.075-inch thickness is satisfactory at 100° C for the natural- 
rubber black stock with added inhibitor, but this thickness results in limitation 
by diffusion at 80° C in uninhibited Hevea stocks. The oxygen absorption 
curves obtained at 100° C for the Hevea stocks are shown in Figures 8, 9, and 
10. Similar data were obtained at the other temperatures listed in Table IV. 
A sample of 0.040 inch appears satisfactory for the gum stock at 80° C, for the 
uninhibited black stock up to 100° C, and for the inhibited black stock up to 
110° C. For studies involving a natural rubber gum stock at 100° C, the 
sample should not exceed 0.020 inch in thickness. 

Examination of the oxygen absorption curves for Butaprene-NXM, ob- 
tained at 90°, 100°, and 130° C (Figures 12 and 13) shows that thinner samples 
are required as compared to GR-S and natural rubber. A 0.040-inch sample is 
satisfactory in the constant-rate stage up to 90° C for gum stock and up to 100° 
C for black stock. At 130° C the samples should not exceed 0.010 to 0.015 
inch in thickness if it is desired to avoid possible limitation by rate of diffusion. 

The Neoprene data obtained at 90°, 100°, and 110° C (Figures 15 and 16) 
indicate values similar to those mentioned for the Butaprene-NXM< stocks. 
Neoprene gum and black stocks in samples of approximately 0.040 inch thick- 
ness appear to be satisfactory up to 100° C. At 110° C, however, the sample 
thickness should be reduced to 0.020 to 0.025 inch to avoid limitation in the 
constant-rate stage by the rate of diffusion of oxygen into the sample. 

The use of the data of Table IV for selection of sample thicknesses for a 
given aging or oxidation study requires the recognition that any deviations 
from the formulations, temperatures, and oxygen concentration used in this 
study may alter the situation somewhat. It must also be recognized that the 
values reported in Table IV are not limiting values but represent the thickest 
sample included in this study that was demonstrated to be free of limitation by 
diffusion. In many instances a somewhat thicker sample might be satisfactory, 
but considerable additional work would be necessary to locate the limiting 
values precisely. 
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Table IV shows that the amount of oxygen required to reach the start of 
the autocatalytic stage was approximately 15 to 25 cc. per gram (25° C and 
760 mm.) for all stocks. Neoprene and Butaprene-NXM gum stocks tended 
toward the lower figure. An absorption of 15 cc. of oxygen per gram corre- 
sponds to approximately 2 per cent by weight which would, of course, result in 
a considerable deterioration of properties. 


SUMMARY 


Safe limits of sample thickness for rubber oxidation and aging studies, such 
that the chemical reaction rather than the rate of diffusion will be rate-con- 
trolling have been investigated for natural-rubber vulcanizates and for four 
synthetic-rubber types. For studies involving the entire range of oxidation, 
including the autocatalytic stage of rapid oxygen absorption, the conventional 
0.075-inch thickness is frequently not satisfactory for accelerated aging and 
oxidation studies if it is desired to avoid limitation by diffusion. Only in the 
GR-S black stock was this thickness found to be satisfactory up to a tempera- 
ture of 100°C. The other stocks, including natural rubber, Butaprene-NXM, 
and Neoprene black and gum stocks all require thinner samples to ensure that 
the observed rate of oxygen absorption is free of limitation by diffusion. A 
method of calculating the probable limiting value of sample thickness, above 
which the rate of oxidation in the autocatalytic stage is limited by diffusion, 
has been developed on the basis of volumetric oxygen absorption data obtained 
with GR-S. The method has also been applied to natural-rubber vulcanizates 
and to other synthetic-rubber types to locate the approximate limiting values 
at various temperatures for oxidation and aging studies which extend into the 
autocatalytic stage of rapid reaction. 

The constant-rate period of oxidation is more important from a practical 
point of view than the autocatalytic stage, since properties are so seriously de- 
graded as to make the rubber of little value before it reaches the final stage of 
rapid oxidation. Somewhat thicker samples may be used for studies that are 
confined to the earlier stages of oxidation. A 0.075-inch sample is free of 
limitation by diffusion in the constant-rate stage in the following cases: GR-S 
black and gum stocks at 110° C; Hevea black with added antioxidant at 100° 
C; and uninhibited Hevea black and gum stocks at 60°C. A0.040-inch sample 
is satisfactory in this range for: uninhibited Hevea black at 100° and gum at 
80° C; Butaprene-NXM black at 100° and gum at 90° C; and Neoprene black 
and gum stocks at 100° C. 
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WAX BLOOMING AND EXPOSURE CRACKING* 
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GENERAL DISCUSSION OF EFFECTS OF NORMAL OUTDOOR 
AGENCIES ON VULCANIZED RUBBERS 


There are a number of technical terms used to describe the types of deterior- 
ation caused by exposure to the normal atmospheric agencies, among which are 
exposure cracking, ozone cracking and sun checking or sun crazing. The 
agencies which cause these effects are usually considered to be (1) light, heat of 
the sun’s radiation, and (2) ozone. These gre normally all present at the same 
time and it is the type of article and the manner in which it is used that deter- 
mines which of the two agencies causes the main types of deterioration. There 
are three physical conditions which affect the issue: (1) freedom from strain, 
(2) constant strain, and (3) periodic stress and relaxation, such as by flexing. 
The other controlling factor is the thickness of the rubber forming the product. 

A summary of the normal effects is given in Table I. 


TABLE I 


DetTAILs OF DETERIORATION CAUSED BY VULCANIZED RUBBER BY 
NorRMAL ATMOSPHERIC AGENCIES 


Conditions Symptoms Cause Preventive measure 





Thin Serious stiffening Light, heat, and Antioxidant 
oxygen 
Unstrained - i, 
Thick Surface crazing Light and Antioxidant 
oxygen 





Thin Breaking Ozone Wax bloom 





Strained f 
(static) Thick . Deep cracking Ozone Wax bloom 








Thin Stiffening and Light, heat and Antioxidant 
cracking oxygen 
Flexed mamas — 
Thick Cracking Uncertain Flex-cracking 
antioxidant 





The part of the above table with which the present work is concerned is that 
dealing with strained rubbers; when exposed to the external atmosphere strained 
rubbers form small cracks at right angles to the direction of strain. This usu- 
ally occurs within 48 hours of exposure, and the cracks go on deepening with 
time so that thin articles break quickly. This is due to traces of ozone in the 
atmosphere and goes on to just the same extent in complete darkness. Ex- 
amples of this type of cracking are shown in Figures 1, 2,3. Figure 1 gives an 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 27, No. 2, pages 103-126, 
April 1951. 
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example of the type of cracking which occurs on windscreen sealing strip; 
Figure 2 shows the two-directional cracks occurring on radiator hose due to the 
peripheral and longitudinal stretching; Figure 3 shows an example of complete 
failure of a rubber tube used on a milking machine; again the cracks are in two 


Fie. 1.—Ozone cracking produced in windscreen rubber sealing strip. 


directions, in the middle due to bending of the whole tube and at the end due to 
stretching over a metal attachment. There is also an example of an antivibra- 
tional mounting which has cracked when under load and an example of sun- 
crazing in a sheet of rubber exposed free from strain to sunlight. 

In devising a compound for a product that may be exposed to the external 
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Fie. 2.—Cracks produced in service in a radiator hose. 


atmosphere in a slightly strained condition, the courses open to the compounder 
are: (1) to base the compound on Neoprene or Thiokol, (2) to include in the 
compound, when based on natural rubber, a wax which will bloom out of the 
vulcanizate and thereby give a protective film on the surface, (3) to include in 
the compound, when based on natural rubber, large quantities of organic filler 


ads 


Fia. 3.—Two examples of ozone cracking and light or sun crazing on a sheet of rubber. 
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which will promote rapid decay of stress in the vulcanizate when it is stretched, 
and (4) to paint the vulcanizate with a flexible paint based on such materials 
as Neoprene or Vulcaprene. 

For most purposes involving this risk the use of Neoprene is not justifiable; 
the use of method (3) gives rubbers with very poor mechanical properties, and 
method (4) is unsatisfactory because slight damage to the film or incomplete 
covering in the first instance results in worse cracking than with the unpro- 
tected rubber. For these reasons the wax protection method (2) was given 
considerable further study, and the results are described below. 

The first requirement was to discover the conditions under which wax blooms 
develop and their rate of development. To do this, a method had to be evolved 
to measure the thickness of bloom on a piece of rubber. A number of possible 
methods were tried: for this, including scraping off and weighing, optical inter- 
ference, electrical resistivity, and direct measurement with a microscope, using 
emt-sections. Some success was attained with the last-mentioned method, but 
the one finally developed! consisted of swabbing the wax off a known area with 
plugs of cotton wool damped with petroleum ether and subsequently extracting 
the cotton wool in a micro extraction apparatus. 


WAX BLOOMING 


It has been known for many years that the incorporation of small quantities 
of waxes, usually from one to five parts on one hundred parts of rubber, pro- 
vides protection against cracking. It was established that some of the wax 
migrated to the surface forming what was thought to be a protective film; it 
was also known that if flaws were produced in the film they were repaired by 
further blooming. Earlier work? on waxes and exposure cracking indicated the 
large variability between replicates with this method of protection, suggesting 
that further information was required on the process of wax migration. 

The waxes that have hitherto been used for this purpose have always been 
petroleum waxes, either the material sold commercially as paraffin wax or those 
waxes sold under the trade names of Heliozone or Sunproof. Paraffin wax is 
normally described as a purified mixture of solid hydrocarbon obtained from 
petroleum and is a white or colorless mass showing a crystalline structure. 
The crystals may be plate, needle, or malcrystalline. The melting range of 
purified paraffin wax is described as 135-140° F. Other paraffin waxes with 
different melting ranges are sold commercially, and these contain the same wax 
and different proportions of oil. The paraffin wax used ip the present investiga- 
tion had a melting point of 122° F. As the American products Heliozone and 
Sunproof were both found to be mainly waxes with considerably smaller crystals 
than normal paraffin, it was assumed that they were essentially composed of the 
type of petroleum wax known commercially as microcrystalline or amorphous 
waxes. These waxes have a molecular weight averaging higher than paraffin 
wax, are derived from heavy lubricating and cylinder oil stocks, and are char- 
acterized, as their name implies, by a crystalline structure in which the indi- 
vidual crystals are on the average about one-fifth of those in normal paraffin 
wax. Commercial samples of this type were obtained, and were designated 
$72, S73 and 874. 


DETECTION AND ESTIMATION OF WAX BLOOM 


The method of estimation mentioned above suffers from the defect that, of 
necessity, the bloom is destroyed during the process, but in spite of this it has 
proved to be a most useful tool in this study. 
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Another inherent weakness of the method was failure to remove all the 
bloom from the test disc so that a wax detector was devised. This consists of 
a small electric heating element mounted on a glass holder such that when the 
holder touches the surface under examination the hot element is about 1 mm. 
from it. The surface immediately below the wire is then viewed with a reading 
lens from a low angle. As the wax melts it appears to recede from the point of 
heat application. The element is made of such a type of wire, and size that it 
gives a temperature of 80-90° C. This device is shown on the diagram in 
Figure 4. The microcrystalline waxes give films that produce normal optical 





Leads to M 
L.T. Transformer 


q Insulation 











Heater 
Element 





Fie. 4.—Spot heating device. 


interference in the earlier stages of their growth; their color can be seen to 
change from green to yellow and then to red. But the film soon becomes too 
thick for this type of interference phenomenon. However, this does indicate 
the uniformity of the migration to the surface. 


DEVELOPMENT OF WAX BLOOM FROM UNVULCANIZED RUBBER 


Uncured stock was examined from various mixes. The stock was sheeted 
and cut into standard discs, and these were examined at intervals, the removal 
being effected by the method previously mentioned, except that in this case 
acetone-damped swabs were employed. Although the weight extracted is 
slightly larger than that from vulcanized rubber of the same composition, but 
without any added wax, probably due to other materials taken up by the swab, 
the wax film grows no thicker from 2 to 3000 hours after sheeting out. There- 
fore it seems that for some reason the wax does not migrate from the unvulcan- 
ized stock. It may be that it is solely the heat treatment during vulcanization 
that gives this migration effect, not necessarily the actual vulcanization process, 
or it may be that the solubility of the wax in unvulcanized stock is much greater 
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TABLE 2 
DEVELOPMENT OF Wax BLOOM ON UNVULCANIZED RUBBERS 
Time since compounding in hours 2 45 123 242 285 1387 
Weight of extract in mg. 1.5 0.8 0.6 1.0 1.0 1.7 


than in vulcanized rubber. Some typical results are shown in Table 2 for 
paraffin wax in a concentration of 5 parts in the base mix C, using 5 em. diam- 
eter circular test-pieces. Similar results were also obtained using other waxes. 


NORMAL DEVELOPMENT CURVE OF WAX BLOOM WITH TIME AFTER CURE 


The proeess of migration to the surface is continuous, and thickness of 
bloom plotted against time after cure has a characteristic shaped curve which is 
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Fie. 5.—A typical development curve for paraffin wax bloom. 


shown in Figure 5. Mix B, used for this particular development curve, is 
given below in Table 3. 
TABLE 3 
DETAILS OF MIXES 
Mix B 
Smoked sheet rubber 100 
Zinc oxide 
Stearic acid 
M.P.C. black 
Mercaptobenzothiazole 
Paraffin wax c 
Sulfur B 


Vulcanized in the press for 15 minutes at 153° C. 
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The thickness of the wax film develops steadily with time after cure. The 
steep initial ascent of the curve, i.e., where the surface bloom is being produced 
most rapidly, occurred in the first 10 days with this compound. It is obviously 
in this period that the blooming process is most efficient at repairing fractures 
in the bloom film. This curve was obtained by cutting a large number of discs 
from about jy5-inch thickness slabs of vulcanized rubber immediately after 
curing and removing the wax film from them one at a time at different periods 
after cure. 


REGENERATION OF WAX BLOOM AFTER REMOVAL 


When wax bloom is washed off the surface of a piece of vulcanized rubber, 
regeneration of the bloom appears to follow the normal growth curve from the 
point in time after cure when cleaning off ceases, as far as rate of growth is con- 
cerned. However, due to the effect of the solvent used in removing the initial 
bloom, the results can never be quite conclusive. The results are shown in 
Table 4. 


TABLE 4 
Errect oF REMOVAL OF Wax BLOoM at INTERVALS AFTER CURE 


Time 
Time Wt. of for 2nd Wt. of 
for Ist Ist bloom bloom 2nd bloom Total weight of wax 
bloom in mg. in hrs. in mg. removed in mg. 


21 4.2 284 2.0 6.2) 
44 6.6 261 4.6 
116 8.4 189 49 RRR Oe 
140 7.9 165 26 aig = 117 
3 | 
J 


167 9.2 138 8.0 
188 9.6 117 ree 


The initial bloom was removed from several dises at different times after 
cure, the cleaned dises were then all returned to a conditioning oven kept at 
20° C after removal, and then all the films were removed together at some fixed 
time later; this is recorded in the table as the 2nd bloom. The total wax re- 
moved from each sample in the two extractions, as seen in the right-hand 
column, does not indicate any trend. If the bloom had been allowed to develop 
uninterrupted, the mass of wax migrating to the surface after 305 hours would 
have been 11.7 mg. This indicates that the regenerative property of the wax 
film is only a part of the normal development curve; the wax does not only 
grow where there are holes in the original bloom, but the film is thickening over 
its whole area. 


EFFECT OF VARIOUS FACTORS ON THE RATE OF GROWTH OF WAX BLOOM 


Effect of thickness of rubber on rate of growth of bloom.—The thickness of the 
rubber specimen does not appear to have a large effect on the diffusion of wax 
to the surface for the initial part of the development, but as the diffusion pro- 
ceeds the rate of increase of thickness of bloom on the thicker samples tends to 
be considerably greater than on the thin samples. Some indication of this 
effect is given in Table 5, where the thickness of bloom developed on standard 
disc samples of different thicknesses is given. The results for the 75-inch 
thickness samples give the approximate range of results obtained for the 
different cures. 

Effect of wax concentration in the rubber on the rate of development of film.— 
The concentration was varied from one to ten parts of wax on a hundred parts 
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TABLE 5 
VARIATION IN BLooM THICKNESS WITH SAMPLE SIZE 


Thickness of bloom in microns for 
Time since sample thickness (in.) 
; satire oe waodoscis 


cure in F 

Wax hours 1/20 1/10 6/10 
Paraffin 426 —- 2to 4 2.4 
2980 3.9 5 to 10 — 

4824 — 9 to 12 35.4 

S72 426 _- 0.5 to 1.5 1.4 
2980 0.5 2to 4 — 





of rubber. For paraffin wax with a melting point of 50° C, the family of curves 
for different concentrations, using base mix C, is given in Figure 6; the lower 
concentration is somewhat difficult to study, as the yield of wax is a little 
erratic. The effect of concentration is very much greater in the case of paraffin 
wax than with the other waxes examined. Varying the concentration with 
microcrystalline waxes 873 and S74 has little or no effect on the bloom develop- 
ment curve at room temperature, but the effect of concentration on the micro- 
crystalline wax 872 can be seen quite clearly in Figure 6. In the same mix, 
five parts of this wax gives a similar curve to three parts of paraffin wax when 
stored at 20° C. However, this microcrystalline wax has two important ad- 
vantages; the wax film when produced is very much stronger than that of the 
paraffin wax, and it has good adhesion to the rubber surface and in consequence 
does not tend to flake off if the film is thick. This wax bloom also produces a 
shiny pleasant appearance on the surface of the rubber. 
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Fic. 6.—Effect of concentration on paraffin wax bloom development. 
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Fia. 7.—Effect of concentration of microcrystalline wax 872 on bloom development. 


Effect of storage temperature on rate and growth of bloom.—The storage tem- 
perature has considerable effect, but this varies between one wax and another. 
This is probably due to the dual effect of temperature on the solubility of the 


wax in rubber and the rate of diffusion. The curves for representative waxes 
are shown in Figure 8. An interesting feature is the anomalous behavior of 
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Fig. 8.—Effect of storage temperature on development of bloom for different waxes. 
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paraffin wax, the maximum migration of which occurs in the region of 20° and at 
40° C the rate of formation of bloom on which drops. On the contrary, with 
the microcrystalline waxes 872, S73, and S74 there is an increase in amount of 
bloom with temperature up to 40° C. At temperatures about —10° C, the 
diffusion process.slows down considerably in all cases examined. The tendency 
for a paraffin wax bloom to redissolve in the rubber when the ambient tempera- 
ture is raised has been mentioned by Crabtree and Kemp’. 

Effect of stretching the rubber on rate of growth of bloom.—Rectangular shaped 
specimens stretched to 20 per cent elongation bloom at about the same rate as 
the unstretched specimens of equal surface area. The results using five parts 
of paraffin wax added to base mix C are given in Table 6. As these results were 


TABLE 6 
DEVELOPMENT OF Wax BLOOMS ON STRETCHED AND UNSTRETCHED RUBBER 


Thickness of wax bloom in microns: 





Time since , 
cure in hrs. Unstretched Stretched 20% 


240 2.4 my 

555 3.7 .2 

818 6.4 0 

1051 7.6 i) 

produced from different batches tested at different times the effect of stretching 
does not appear to produce any difference in the yield of wax bloom as compared 
with the difference between replicate batches. Due to the ill-defined surface 
area being cleaned of wax bloom, the estimation is more inaccurate than that 
employed for unstretched rubber. 

Effect of carbon black and inorganic fillers on rate of bloom.—The fillers used 
were whiting, magnesium carbonate, a medium thermal black, channel black, 
and china clay; equal volumes of filler on the rubber were used in mixes, de- 
tails of which are given later. The thickness of microcrystalline wax film 
developed on vulcanizates of these mixes was measured, in microns, 333 and 
645 hours after cure. The results are given in Table 7. 


TABLE 7 
EFrrect Or FILTERS ON THE DEVELOPMENT OF Wax BLOOM 
Time since MPC MT China Magnesium 
cure in hrs. black black Whiting Clay Carbonate 


333 1.4 1.0 1.4 1.1 0.9 1.3 
645 3.5 1.5 2.3 2.3 1.7 1.7 


Generally there does not appear to be much difference between the wax 
bloom obtained using rubbers with the various fillers, but the pure-gum stock 
appears to give a significantly heavier bloom in the longer period after cure. 
Dilution of the wax due to the incorporation of filler implies that the amount 
of wax in the standard disc is reduced slightly, but this is insufficient to account 
for the large effect demonstrated. 


PHYSICAL ASPECTS OF THE WAX IN AND ON THE RUBBER 


It was found that there were wax crystals present in the bulk of vulcanized 
pure-gum rubber prepared from compounds containing added wax (see Figure 
9 for paraffin and Figure 10 for microcrystalline), and their presence or absence 
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Fic. 9.—Paraffin wax crystals seen in vulcanized rubber. Magnification X 300. 


could be used for an estimate of the solubility of wax in rubber. The concen- 


tration of wax on rubber was increased until a mix was found where a further 
increase in concentration caused the formation of wax crystals at room tem- 
perature which were visible in the rubber. 


Fia. 10.— Microcrystalline waxicrystals seen in vulcanized rubber. Magnification x 900. 
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These photomicrographs were obtained using polarized light, as the crystals 
are fortunately all optically anisotropic. Further examination has shown that 
these crystals are not visible in uncured stock. Generally it was found that no 
migration to the surface occurs until crystals are visible in the rubber, and pre- 
sumably their presence indicates saturation. 

An examination of the wax bloom itself on translucent mixes, using polarized 
light and a high power microscope, shows that the film is crystalline in nature 
and seems to have the same types of crystals as contained in films of the particu- 
lar type of wax added to the compound. 

Further examination of the wax film produced at the surface of the rubber 
indicates that the wax is not quite the same mixture of hydrocarbons that was 
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Fig. 11.—Influence of concentration on rate of migration. 


originally incorporated in the mix. This was first suspected when it was found 
that the melting point of the recovered wax in the case of paraffin wax was 4° C 
higher than the original melting point, and for the microcrystalline wax, 872, 
5° C lower than the original. This was followed up by an infrared spectro- 
scopical examination of the waxes before and after diffusion through rubber. 
This analysis indicates that, with a pure-gum mix containing paraffin wax, 
there is a slight change representing a possible decrease in the unsaturated 
proportion of the wax, whereas with carbon black loaded rubber the same wax 
after diffusion is almost completely saturated. With the microcrystalline wax 
$72, the bloom contains some unsaturated components, and there is a very 
slight change in the spectrum which is probably a decrease in the unsaturated 
proportion. It appears, therefore, that carbon black accentuates the tendency 
for unsaturated components to be retained. 
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The solubility of wax in rubber was determined from the rate of diffusion at 
a fixed time after cure for various concentrations. This solubility figure, that 
is, the concentration where the rate of blooming is zero, was found to be about 
0.8 part per 100 parts of rubber in the case of paraffin wax (see Figure 11) if one 
assumes a linear relationship at the lower concentrations. 

This agrees well with the value obtained by the method using the disappear- 
ance of crystals in the vulcanized stock already mentioned. But no agreement 
was obtained between the solubilities determined by the two methods for the 
microcrystalline waxes, due possibly to the difficulty in detecting the earlier 
stages of development of these very small crystals. 

If it is assumed that the rate of diffusion remains constant after about 1,000 
hours (in fact it decreases gradually), then taking the above-mentioned figure 
for the solubility of paraffin wax, it is possible to calculate the minimum time 
the available wax in the rubber takes to migrate to the surface. For a standard 
disc, #45 inch thick of a mix containing 10 parts of paraffin wax on 100 parts 
of rubber, the estimated minimum time for the wax to bloom is 542 days. 
It can, however, be shown that the rate of blooming is more nearly inversely 
proportional to the time after cure, in which case it seems more probable that 
the wax blooms for an infinite time. Nevertheless, from the point of view of 
protection against ozone and more especially regeneration of bloom after 
damage, the life is very much less. Wax bloom on rubber only migrates to a 
free surface. It was noticed that if a metal identification tag used in curing was 
left on the slab, no wax developed under it, but on removal the wax started to 
bloom. 

OZONE CRACKING 


TEST PROCEDURE FOR OZONE CRACKING EXPERIMENTS 


The original R.A.B.R.M. technique with outdoor exposure used for testing 
rubbers for their resistance to ozone attack has already been described by 
Newton‘. However, this method, although useful, gives rather variable results 
in the examination of rubbers incorporating waxes, due to the variable nature of 


Fic. 12.—R.A.B.R.M. ozone test cabinet. 
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outdoor exposure conditions. A modified version of the Crabtree and Kemp? 
apparatus, illustrated in Figure 12, has been built so that approximately stand- 
ard conditions of exposure can be maintained. The exposure cabinet depends 
on the generation of oxone from the oxygen of the atmosphere by an ultraviolet 
lamp which is fitted in the base of the cabinet in line with the plug shown on 
the front side. The rest of the apparatus shown consists of the power pack and 
the ancillary equipment used for measuring ozone concentration in the cabinet. 
The ozonized air is fed into a dark chamber by the convection stream caused by 
the heat from the lamp. This stream and, hence, the concentration can be 
varied by means of a damper fitted in the chimney. Throughout these experi- 
ments, the ozone concentration was kept at about 15 parts in 108 parts of air by 


Fie. 13.—Fo!lding board for mounting specimens. 


volume, and the temperature between 26 and 32° C. This latter variation un- 
fortunately depends to a large extent on the ambient temperature. 

The rubber samples are cut by means of a press die as soon as possible after 
vulcanization from 75-inch thick slabs of molded rubber, care being taken at 
this stage to handle the specimens as little as possible and only then by the ends 
of the dumbbell, which are of uniform width. The old method of nailing the 
specimens on to a board while stretched was replaced by a special folding board 
shown in Figure 13, which obviates the necessity for holding down the speci- 
mens while nailing and gives all the samples the same range of strains. The 
specimens are first placed under one metal bar and clamped down by the wing- 
nuts; then the other ends are fastened under the second bar while the board is 
folded together. Flattening the board and fastening a clip on the back 
stretches all the samples to the desired overall elongation. An arbitrary system 
of crack grading has been adopted, using the figures 1 to 10. The grading de- 
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pends on the size and number of cracks, ranging from grade 1, which are only 
visible with a pocket lens, to 10, when the rubber sample is cracked completely 
through. Examples of these grades, which are useful for making comparisons 
are given in Figure 14. Grades 1, 2, 3 and 4 are difficult to see in the photo- 
graph, as the cracks are so small (to increase the contrast the cracks have been 
whitened with French chalk). Hereafter the results of exposure tests will 
appear as numbers representing the different grades of cracking in specified 
strain areas. In each case the grades have been assessed as the average over 
each of three initial strain ranges on the specimen; high strain area (referred to 
hereafter as H.S.) 35-50 per cent elongation, medium strain area (M.S.) 20-35 
per cent, and low strain area (L.S.) 5-20 per cent. 


EFFECTS OF VARIOUS FACTORS ON DEGREE OF OZONE CRACKING 
IN THE ACCELERATED TEST 


Reproducibility of the test procedure —The reproducibility of the test method 
was examined, using base mix C (see Table 3) with different waxes added to it. 
A batch of stock was mixed and cured, and specimens were cut out and stretched 
on to the special test boards. In this condition they were allowed to develop a 
wax bloom on their stretched surfaces for about 20 hours. The boards were 
then placed in the ozone cabinet for about 100 hours. The whole experiment 
was repeated from the mixing stage. The ozone crack gradings for both experi- 
ments are given on Table 8; the wax concentration is given, as in the rest of this 


TABLE 8 
REPRODUCIBILITY OF ACCELERATED OzONE Exposure TESTS 
Mix Cc Cl ~ C4 C5 


Wax None Paraffin : 7: 874 S72 
Concentration of -—- 5 f : 5 1 


wax 
HS. ‘ : 2 |) 
Ozone M.S. - ; Ist Test 
S. - - 
Crack HS. -* : 4. 
grading; M.S. ip Replicate 


4.—- _— , ati 


paper, in parts on 100 parts by weight of raw rubber. The asterisk* is used 
throughout the rest of the paper to indicate localized cracking at the edges or 
where it was considered that cracking was so nonuniform that it was not 
typical of the particular rubber. The results are in reasonable agreement with 
the exception of mix C4, which has only a very thin wax bloom and is more 
liable to chance variations than the others. 

Effect of different waxes on the degree of protection against ozone-—The base 
mix C was again employed and the concentration of the various waxes varied 
between | and 10 parts on 100 of rubber. The test procedure was described 
earlier. The results, after 100 hours’ exposure are given in Table 9, and are the 
average ozone crack gradings of up to 10 separate experiments. The rubbers 
containing wax were allowed 20 hours to develop any bloom before exposure to 
ozone. It will be seen that cracking on the specimens without wax bloom is not 
very bad after this short exposure. Grade 2 is only just visible with the naked’ 
eye, the cracks being small and very shallow, while grade 1 is visible only with a 
pocket lens. 
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TABLE 9 


Ozone ProrecTion CONFERRED BY DIFFEREN’’T WAXES 


Concen- 
tration 
(parts on 
100 of 


Ozone crack grading 
smoked —— : — 
sheet) 8. M.S. 





| 


—_ 


— 


Heliozone 


— —" 
Couounroucurt 


With paraffin wax, the grading throughout is much the same as with the un- 
protected rubber, but with S72 at the lowest concentration the cracking is 
slightly worse than with the unprotected rubber, as it is also with the lower con- 
centrations of 873 and $74. Larger proportions of wax S72, however, give good 
protection, as also does Heliozone. 

Generally, therefore, it appears that the microcrystalline waxes $72 and 
Heliozone give better protection than paraffin wax at an equal concentration in 
rubber under these conditions of exposure. The majority of waxes, however, 
give some degree of protection in the lower strain ranges, that is at 5-35 per 
cent elongation, but in the higher strains it is apparent that the incorporation of 
insufficient or an ineffective wax may increase the cracking beyond that which 
would be experienced with the unprotected rubber. This is probably due to the 
attack being restricted to the limited areas exposed by flaws or brakes in the 
wax film, thus producing a small number of large deep cracks instead of the 
multiple small ones produced on the wax-free mix. It is interesting to note that 
paraffin wax, which is widely used, does not appear to give any protection under 
these conditions of exposure in spite of the very much thicker bloom which 
develops, and that it behaves very much as if there were no continuous film 
over the rubber surface. The failure of paraffin wax in this respect may well 
be explained by the large size of the paraffin wax crystals, which cannot pack 
tightly enough to give an impervious bloom, and the poor adhesion between the 
rubber surface and the paraffin wax bloom, although it is of interest to note that 
under outdoor conditions of exposure during the winter paraffin wax was found 
to give a considerable degree of protection against atmospheric ozone. This 
failure of paraffin wax under accelerated ozone cracking conditions has already 
been noticed by several authors including van Rossem and Talen‘, 

Effect of thickness of wax bloom on degree of protection ——The main difference 
introduced by varying concentrations of waxes, and also by varying samples 
within a given type of wax, e.g., microcrystalline type, appears to be the differ- 
ence in thickness of the blooms developed. Using the data obtained on the 
migration of wax to the surface, it has been possible to make an estimate of the 
thickness of the bloom when the sample is exposed and to estimate the minimum 
thickness of wax film required to give protection. The data given in Table 10 
represent the thickness of films of wax 872 on a tire-tread type mix at the com- 
mencement of exposure, the varying thicknesses being produced by altering the 
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TaBLe 10 


THICKNESS OF MICROCRYSTALLINE Wax BLoom TO GIVE 
ADEQUATE OZONE RESISTANCE 


Thickness of Ozone crack grading: 
wax film A 
in microns M.S. 

0.07 3 
0.10 2 
0.10 <1 
0.15 —* 
0.50 
0.70 
1.10 
1.70 
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time of storage before exposure, the storage temperature, or the wax concen- 
tration. 

It therefore seems that, when the thickness of film is about 0.15 microns, it 
gives protection against an exposure of in excess of 100 hours under the condi- 
tions in the ozone cabinet over all ranges of strain examined. This is about 
6 millionths of an inch, so only a very thin film of this wax is needed to give pro- 
tection against ozone of the concentration ever likely to be experienced in the 
normal external atmosphere at ground level. 

With parafin wax the film thickness was varied from 0.4 to 3.2 microns, and 
the results of the cracking are almost the same throughout, which implies that 
the film thickness as far as paraffin wax is concerned is not so relevant. 

Effect of carbon black and inorganic fillers on the degree of protection afforded 
by microcrystalline wax.—lIn this series of experiments the effect of introducing 
equal volumes of various fillers in the base compound was examined. 

Using a base mix consisting of smoked sheet 100, zine oxide 5, stearic acid 1, 
mercaptobenzothiazole 0.8, and sulfur 2.5, a range of compounds were prepared 
and vulcanized containing MPC and MT blacks, whiting, china clay, and 
magnesium carbonate, both with and without five parts of microcrystalline wax. 

The effect of fillers in the mix on the growth of bloom as has already been 
stated and is not very marked except that the pure-gum stock gives a thicker 
bloom than those mixes with fillers. The conditioning of the test-pieces, 1.e., 
20 hours to develop bloom in the stretched condition, before exposure to ozone 
and 100 hours in the cabinet were used as described earlier. The results of the 
tests are given in the following table. 

The cracking of the unprotected rubbers, although not severe, except in the 
case of the specimen using M.P.C. black as a reinforcing agent, was entirely 


TABLE 11 


EFFecT OF FILLERS ON THE RESISTANCE TO OZONE ATTACK OF 
VULCANIZED RUBBER WITH AND WITHOUT Wax BLOOM 


Ozone crack grading 
a | 





With 5 parts 872 Without wax 
Filler H.S. M.S. 8. M.S. 
- 2+ 

5 








None 

M.P.C. black 

M.T. black 

Whiting - 2 
China clay - : 2+ 
Magnesium carbonate - K 
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eliminated in the medium and low strain areas by the incorporation of the wax 
$72, and was reduced in the high strain areas. The mixes with clay and 
whiting fillers appear to be particularly susceptible to ozone cracking, as al- 
ready reported by Newton‘, and the wax does not give adequate protection in the 
high strain area. If instead of allowing the wax to bloom for about 24 hours on 
the stretched samples, they were stored for some time and then stretched, more 
severe cracking occurred in the high strain area. 


TABLE 12 


EFFEcT OF SOFTENERS ON THE PROTECTIVE ACTION OF WAXES 


Softener: 
Medic- 
inal 
paraffin 


3 


Petro- 
leum 
extract 


2 


Strain Pine 
area tar 
HS. 1 
MSS. 
LS. 
HS. 
MS. 
LS. 


Dibutyl 


Mineral 
phthalate 


Wax oil 


Paraffin 


2 
2+ 
] 


$72 


Effect of various softeners in the mix on the protection afforded by microcrystal- 
line wax.—A range of compounds were prepared from a base mixture of 
smoked sheet 100, zine oxide 5, stearic acid 2.5, mercaptobenzothiazole 0.8, 
sulfur 3, and M.P.C. black 50, with additions of 7.5 parts of pine tar, mineral 
oil, medicinal paraffin, petroleum extract, and dibutyl phthalate. In addition, 
to one series 5 parts of paraffin wax was added and to another 5 parts of 872 
micrécrystalline wax. These were all vulcanized, and the usual test specimens 


TABLE 13 


Mrx DETAILS 


Smoked sheet <—100— 
Neoprene-GN 

Hycar OR-15 

Perbunan 

Zine oxide 

Stearic acid 

Light calcined magnesia 
Pine tar 

M.P.C. black 

S.R.F. black 
Mercaptobenzothiazole 
Benzothiazy! disulfide 
Sulfur 


—100— 





Paraffin wax 
Heliozone 
$72 


prepared. 
a wax film for 71 hours. 


5 


Two sets of these specimens were stretched and allowed to develop 
The paraffin wax was affected by the various softeners. 


In some cases it seems to have almost entirely prevented the migration of the 


wax to the surface. 


On the other hand, wax S72 seems to be very little affected 


by the softeners and gives its normal resistance to ozone attack. The full 


results are given in Table 12. 
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TABLE 14 


Errect or VARIOUS WAXES ON THE OZONE RESISTANCE OF 
SEVERAL Types OF RUBBER 


Rubber 
—— * 


Neoprene- Hycar 
Wax Natural GN OR-15 Perbunan 


Paraffin 3 - 2 ° 1 
1 1 — 





Heliozone 1 


S72 


None ] 2 
2+ 3 
l 3+ 


Effect of ozone exposure on compounds from various synthetic rubbers.—The 
rate of blooming of wax from Hycar and Perbunan is about half that obtained 
with natural rubber, and the results of ozone exposure on the Perbunan and 
Hycar samples with or without waxes is quite marked, as seen by the results 
given in Table 14. The uppermost figure in each division indicates the ozone 
crack grade in the high strain area and the lowest the grading in the low strain 
area. Neoprene did not crack with or without wax protection. The details 
of the actual mixes used are given in Table 13, conditioning of test-specimens 
and exposure were as described earlier. 

Wax 872 gives much better protection on Hycar and Perbunan if given 
longer periods, e.g., four or five days, either stretched or unstretched before 
exposure, to develop a protective film. This is to be expected in view of the 
slow bloom development on these rubbers. 

Effect of slight flexing at intervals during exposure to ozone.—In all the work so 
far described all the waxes were allowed to migrate and give their protection, 
if any, under as far as possible the optimum conditions. A more severe semi- 
dynamic test was given to a group of samples prepared from a tire-tread type 
of mix, with 10 parts of wax on 100 parts of rubber. The specimens were taken 
out of the cabinet during the exposure and flexed several times by folding the 
board in half; this was repeated five times during the exposure. The crack 
gradings are given in Table 15 after 169 hours’ exposure for the flexed specimens 
and 144 hours for the normal exposure test. 

A considerable degree of resistance against ozone attack was given by the 
microcrystalline waxes, even under the moderate physical disturbance caused 
by stretching and relaxing the specimen several times. 


TABLE 15 


COMPARISON OF NORMAL AND FLEXED EXposuRES USING HIGH 
CONCENTRATIONS OF WAX IN THE RUBBER 


Normal exposure Flexing exposure 
— = A 


co 


Wax HS. MSS. L.S. H.S. M.8. 
$72 es ah he 1 
S873 - — — 1 2 
$74) 1 sate 8+ - 
Heliozone — - <i 
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DISCUSSION OF THE PRECAUTIONS NECESSARY IN USING WAX 
BLOOMS FOR PROTECTION AGAINST OZONE CRACKING 


The main points that arise out of this work are as follows. 

In general, each wax must be capable of migration through the rubber, for 
some waxes do not bloom sufficiently, even after comparatively long periods, to 
give protection against ozone attack. A sufficient quantity must be incorpor- 
ated in the mix to give the necessary film thickness soon after cure. In the 
case of the microcrystalline waxes this seems to be about five parts on 100 parts 
of natural rubber. A lesser quantity of wax is required if a relatively high 
rubber content stock is used, e.g., three parts on 100. Where possible, waxes 
with very small crystals should be employed because of their ability to pack 
tighter in the wax bloom and to give better physical properties to the wax films; 
for example, paraffin wax with large crystals has a low elongation at break and 
its film has poor adhesion to the rubber surface. The use of wax protection 
should be restricted to strains of not more than 30 per cent elongation. Al- 
though in some cases it has been found possible to protect rubbers at about 50 
per cent elongation, it is generally safer to keep to the lower strain ranges. 
If possible the article should be mounted or stretched immediately after cure 
and stored indoors to enable the wax bloom to develop on the stretched rubber 
in a low ozone concentration. If it is required to protect Hycar or Perbunan 
rubbers with waxes, the bloom should either be given a longer period to grow 
or, alternatively, a larger proportion of wax should be incorporated in the mix. 
The removal of these films by accident is fairly easy, even with the microcrystal- 
line waxes, which give very much better adhesion than ordinary paraffin wax. 
So it is necessary to educate the user and prevent him polishing off the dull 
bloom or otherwise cleaning the exposed surfaces. The rubber product should 
be removed as soon as possible from the mold after vulcanization to allow the 
wax free surfaces to which migration can take place. Paraffin wax migration, 
although more rapid than any other wax examined at normal temperature, 
appears to be more sensitive to the presence of other softeners, time of cure, 
and temperature, than the microcrystalline waxes, although these latter waxes 
are more affected by a change of rubber. All these factors must be taken into 
account when designing the mix for each specific task. 

It does seem essential that any manufacturer employing this method of 
protection against ozone cracking should make sure by suitable tests that, in 
the mix used, the conditions are such that an adequate bloom will develop 
sufficiently quickly and be allowed to remain relatively undisturbed during the 
required service. Unless this is done, this work suggests that very much worse 
cracking may easily result than if no wax at all is used in the mix. 


SUMMARY 


A brief résumé is given of the types of deterioration which cause cracking 
and similar forms of deterioration in vulcanized rubber and the possible 
remedies. 

A study has been made of the development of wax bloom on rubber and 
some of the factors which affect this development. The waxes constituting the 
blooms have been examined, as has the wax in the bulk of the rubber. 

The protection afforded by these wax blooms against ozone attack on various 
base mixes with both natural and synthetic rubber has been determined, using 
a standard technique for the ozone exposure. 
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RECOMMENDED ACCELERATOR COMBINATIONS PER 100 R. H.C. 


% Natural rubber tennis shoe soling 
%* Natural rubber latex foam sponge 
%* Natural rubber tire carcass 


% GR-S general mechanical goods 
%* GR-S C-V wire 

%& GR-S chemical blown sponge 

* Paracril oil resistant gasket 

* Buty! inner tubes 


0.4 MBT — 0.6 MBTS — 0.1 MONEX ~ 1.8 sulfur 


+ 1.5 OXAF-0.5 ETHAZATE ~ 2.5 sulfur 


0.75 MBTS — 3.0 sulfur 

1.5 MBTS — 2.0 sulfur 

1.5 MBTS — 2.0 sulfur 

1.5 OXAF - 0.5 MONEX ~ 2.0 sulfur 
1.0 MBTS - 0.5 MONEX ~ 2.0 sulfur 
1.5 MBTS — 1.5 sulfur 

0.5 MBT = 1.25 TUEX = 2.0 sulfur 


PROCESS « ACCELERATE « PROTECT with NAUGATUCK CHEMICALS 


iick Ce: of United States Rubber Company 


NAUGATUCK, CONNECTICUT 


IN CANADA: NAUGATUCK CHEMICALS DIVISION + 


Rubber Chemicals * Aromatics + Synthetic Rubber + Plastics + 
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Dominion Rubber Company, Limited, Elmira, Ontario 


Agricultural Chemicals * Reclaimed Rubber * Latices 








CARBON BLACKS 
Wyex (EPO) Easy Processing Channel Black 
Arrow TX (MPC) . Medium Processing Channel Black 
Essex (SRF) Semi-Reinforcing Furnace Black 
Modulex (HMF) High Modulus Furnace Black 
Aromex (HAF) High Abrasion Furnace Black 


CLAYS 
Suprex Clay . . . High Reinforcement 
Paragon Clay ... . Easy Processing 
Hi-White R White Color 
Hydratex RR... . Water Fractionated 


RUBBER CHEMICALS 
Turgum &, Natac, Butac... . Resin-Acid Softeners 
Aktone Accelerator Activator 


J. M. HUBER CORPORATION 
100 Park Ave. New York 17, New York 








TITANOX 


the bughlest name tn figmenls 
TITANIUM PIGMENT : : 


CORPORATION 
Subsidiary of NATIONAL LEAD COMPANY 
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You can depend upon the Precision char- 
acter of Harwick Standard Chemicals re- 
gardless of the quantity requirement. . . 
Here is dependable assurance of uniformity 
in any type compounding material for 
rubber and plastics to give certainty in 
product development and production runs. 








Our services are offered in co- 
operative research toward the 
application of any compounding 
material in our line to your 
production problems. 








HARWICK, STANDARD CHEMICAL Co. 


AKRON 5, OHIO 


BRANCHES: BOSTON, TRENTON, CHICAGO, LOS ANGELES 





“Misfit” 


formulations may be hiking 
your production cost 


*There’s one formulation—and only one—that will keep your 
manufacturing or processing costs at a minimum. Let UBS 
“Creative Chemistry” lower your costs and increase production 
efficiency by recommending formulations tailored to your specific 
requirements. 


Our technical staff will be glad to consider your problems 
without obligation. 


Serving industry with “‘creative chemistry”’ 


Industrial Latex Adhesives 

Rubber Solvent Cements 

Synthetic Solvent Cements 

Backing Compounds 

Combining and Laminating Cements 
Coating Compounds 

Latex Concentrates 

Tank Lining Compounds 

Polystyrene Dispersions 

Latex Extenders, Tackifiers 


. « « Technical data sheets for each product 
available on request. Write for yours today! 


Address al! inquiries to the Union 
Bay State Chemical Company, 50 
Harvard Street, Cambridge 42, 
Massachusetts. 





Union Bay STATE 
Sobewes - cnimeese - sansa Chemical Company 


PLASTICS - INDUSTRIAL ADMESIVES - DISPERSIONS 
COATING COMPOUNDS . IMPREGHATING MATERIALS . COMBINING CEMENTS 


Serving Industry with Creative Chemistry 














ACCELERATORS 
PLASTICIZERS 
ANTIOXIDANTS 


of Tomy 














The C.P. Hall G. 


CHEMICAL MANUFACTURERS: 


@ AKRON, OHIO e LOS ANGELES, CALIF. e CHICAGO, ILL. e NEWARK, N. J. 





STAMFORD “FACTICE” 
VULCANIZED OIL 


(Reg. U. S. Pat. Off.) 


Our products are engineered to fill every need in 
natural and thetic rubber compounding wherever the use of vulcanized 
oil is faked 


We point with ae not only to a complete line of solid Brown, White, 
**‘Neophax”’ and ‘‘Amberex”’ ae but also to our aqueous dispersions and 
hydrocarbon solutions of “‘Factice’”’ for use in their appropriate compounds. 


Continuing research and development in our laboratory and rigid produc- 
tion control has made us the leader in this field 


The services of our laboratory are at your disposal in solving your com- 
pounding problems. 


THE STAMFORD RUBBER SUPPLY COMPANY 


STAMFORD, CONNECTICUT 


Manufacturers of “Factice” Brand Vulcanized Oil 
Since 1900 



































For Prompt and Complete Coverage of Current 
Technical and News Developments in the Rubber 
Industry — 


$3.00 a year 


For Full Information on Rubber Manufacturers 
and Their Products; Material, Equipment and 
Services Used by Rubber Manufacturers; Who's 


Who in the Rubber Industry — 


READ 





1951-52 Edition 


Now Avia eee siele) < 


$7.50 a copy Directory of the Rubber Industry 


Published By 


PALMERTON PUBLISHING COMPANY, Inc. 
250 West 57th Street New York 19, N. Y. 














In the group of St. Joe fast curing zinc oxides, 

Green Label #42 has long been preferred by many 
manufacturers of high quality rubber products. 

Some of the reasons for this preference — in addition to 
its excellent activating and reinforcing properties 


— are its rapid incorporation into rubber, combined with 


ST J OSEPH ease and completeness of dispersion. 
© 


Complete physical and chemical properties 


LEAD COM PANY of St. Joe rubber grade zinc oxides are 


described in our new technical manual, 
250 PARK AVE. ST. JOE ZINC OXIDES. Write for your free 


NEW YORK CITY 17 copy—on your company letterhead please. 


Plant & Leb y: Menace (Joseph Pa. 




















Announcing 


MACHINERY and EQUIPMENT 
for 
RUBBER and PLASTICS 


VOLUME I 
PRIMARY MACHINERY AND EQUIPMENT 


Now Ready for Press 


The only book of its kind ever offered to the Rubber and Plastics 
Industries and the first to be published since Pearson’s “Rubber 
Machinery” in 1915. Compiled by Robert G. Seaman and Arthur 
M. Merrill, the present Editors of India RUBBER WORLD, with the 
cooperation of an Editorial Advisory Board of experts in their re- 
spective fields. Each chapter is preceded by an article written by 
recognized authorities on the equipment, its purposes for specific 
products, and best method of using it. 


Volume | has over 800 pages of editorial content with authorita- 
tive descriptions for each machine classification: Types, Specifica- 
tions, Design Features, Operation, and Applications, as well as 
names and addresses of the manufacturers or suppliers. More than 
300 illustrations. Cloth-bound for permanence. 


Send for free copy of complete prospectus. 


Volume I—$15.00 Postpaid 


Volume !|—Supplementary Machinery and Equipment, is now in 
preparation and will be published in the near future. 


INDIA 


RUBBER WORLD 


386 FOURTH AVENUE NEW YORK 16, N. Y. 
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Mist et EAT RARE 


As developed by U.S. Bureau of Standards * 
and modified by Scott Testers, Inc. 


Completely Nec. Mechanical 
Method of Additive 


a 1] 
Weight Loading — 
e * e 
7 
Performs elongation test on rubber and 
other elastomers, suspended in a free 


static condition for a predetermined pe- 
riod of time. 


4 stress ranges: 50, 100, 200 and 
400 Ibs. psi. 


Additive weight control wheels are ad- 
justed to number corresponding to 
number observed on thickness gage for 
sample—weight addition automatic. 


Operator remains seated. Mirror sys- 
tem permits direct viewing and control. 
Test figure appears as a percentage of 
the original gage length, no computation. 


REQUEST 
* Reference does not constitute BULLETI N 


endorsement by the Bureau. 


SCOTT TESTERS, ING. 'vLniccen 














WHITETEX 


A new white and bright pigment for 
rubber, synthetic rubber or plastics, 
especially vinyls. 


BUCA 


A proved pigment for compounding ALL 
types of natural and synthetic rubber. 




















For compounding rubber and synthetic 
rubber. 


No. 33 CLAY 


For wire and vinyl compounding. 


For full details, write our 
Technical Service Dept. 


SOUTHERN CLAYS, INC. 


(Formerly P. W. Martin Gordon Clays, Inc.) 
33 Rector Street -°- New York 6, N.Y. 






































To the 
Rubber Industry! ~ ~ ~ 


This Journal is supported by advertising 
from leading suppliers to the industry. More 
advertising will permit the publication of a 
greater number of important technical papers 
on rubber which will make RUBBER CHEM- 
ISTRY AND TECHNOLOGY even more valu- 


able as a convenient reference of ‘‘ Rubberana.’’ 


Specify materials from suppliers listed on 
page 32. Urge other suppliers to advertise in 


RUBBER CHEMISTRY AND 
TECHNOLOGY 


Advertising rates and information about 
available locations may be obtained from 
K. H. Krismann, Advertising Manager, Rubber 
Chemistry and Technology, c/o E. I. du Pont de 
Nemours & Company, 40 E. Buchtel Ave. at 
High Street, Akron 8, Ohio. 
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... NOW MORE THAN EVER 


Partial viow of plent ot Meville island, on the 
ee ee ae 
shewing main resin manvfocturing and solvent 
redsning wenits. 


Neville service to industry is characterized by a traditional 





policy of continuous development and expansion, and co-opera- 
tive technical assistance that means much to the buyer of chemicals. 
You can be sure of any Neville product you use for rubber 
compounding . . . whether for mechanicals, footwear, molded 


products, insulation, floor tile or reclaiming. 


THE NEVILLE COMPANY NEV LLE PITTSBURGH 25, PA. 


_—— 


=a 


Plants at Neville Island, Pa., and Anaheim, Cal. 











SRF 
CARBON 
BLACK 














mt E-TEX 


GENERAL ATLAS CARBON CO. 








ANTIMONY SULPHIDE 


Regular Grades for Attractive Color 
Also 
A special grade for obtaining colored 


stocks having high abrasion resistance 


RARE METAL PRODUCTS CO. ATGLEN, PENNA. 




















RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 





INDEX TO ADVERTISERS 


Page 
Advance Solvents & Chemical Corp (Opposite Inside Back Cover) 34 
American Cyanamid Company, Calco Chemical Division 11 
American Zinc Sales Company 

Barrett Div., The, Allied Chemical & Dye — 

Binney & Smith Company ( 

Cabot, Godfrey L., Inc ( 

Carter Bell Manufacturing Company, The 

Columbia Southern Chemical Corporation 

Du Pont Rubber Chemicals Division 

General Atlas Carbon Company 

Goodyear Tire & Rubber Company, The 

Hall, C. P. Company, Th 

Harwick Standard Chemical Company 

Huber, J. M., Corporation 

India Rubber World 

Monsanto Chemical Company 

Naugatuck Chemical Division (U. S. Rubber Company) 

Neville Company, The 30 
New Jersey Zinc Company, The (Outside Back Cover) 
Pan-American Refining Corp., Pan American Chemicals Div. 10 
Phillips Chemical Company (Opposite Inside Front Cover) 1 
Rare Metal Products Company : 32 
Richardson, Sid Carbon Company 

Rubber Age, The 

St. Joseph Lead Company 

Scott Testers, Inc 

Sharples Chemicals, Inc 

Southern Clays, Inc 

Stamford Rubber Supply Company, The 

Sun Oil Company, Sun Petroleum Products 

Thiokol Corporation, The 

Titanium Pigment Corporation 

Union Bay State Chemical Company 

United Carbon Company 

Vanderbilt, R. T.. Company 

Witco Chemical Company . 

Wyandotte Chemicals Corporation 














RUBBER 
SUBSTITUTES 


(Vulcanized Vegetable Olls) 


& 


Manufactured since 1903 by 


THE CARTER BELL MFG. CO. 


SPRINGFIELD NEW JERSEY 
Represented by: 


HARWICK STANDARD CHEMICAL CO. 
Akron — Boston — Trenton — Chicago — Denver — Les Angeles 














ADVERTISE 7 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 





Advertising rates and information about 
available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I. 
du Pont de Nemours & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 
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We're making more 


PHTHALIC ANHYDRIDE... 


The demand for phthalic anhydride—a must 
° in the production of alkyd resins, phthalate 
for Battleships, esters for plasticizers, dyes, and for many other 
° important uses—has grown at a tremendous 
Ration Cans rate during recent years. Now, defense needs— 
for literally scores of war materials—have 
and new enormously boosted the already growing need 
e for phthalic anhydride. 
R f, j Barrett is taking steps to expand with 
; America’s defense needs, and to help fulfill 
€ ride rators ® — civilian requirements as well. Besides increasing 
capacity at Barrett’s Philadelphia and Ironton 
plants, plans are already under way for con- 
gon struction of new phthalic anhydride plants in 





le Chicago and Philadelphia. The Philadelphia 
plant is expected to produce 36,000,000 pounds 
THE BARRETT DIVISION of phthalic anhydride annually. It’s a huge order, 
convonation 


aa : 
—_ ee ee ae but it’s an order Barrett intends to fill. 
@ Reg. U. S. Pat. Of. 


LEADING MANUFACTURERS COUNT ON GARRETT 
AS THE LARGEST PRODUCER OF PHTHALIC ANHYDRIDE 
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ir shaun wid range f particle 
sec on 
types co range 
and French Process oxid caides. 
czas type inclods the wellknown Kadox 


brands. 
aoe nae vents SS 
line the 


: oper fi cen re rubber 
. tnanufa cr ter ore en Oise Head Zine 
Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


100 Front Street, New York 7, N.Y. 
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